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PREFACE TO THE NINTH EDITION 

This edition of Applied Physiology is virtually a new book , more than half 
tbe text has been rewritten and the rest has been carefully revised to reflect 
the present state of knowledge The subject matter has been radically 
rearranged The opemng chapter now deals with the “ Regulation of the 
Internal Environment,” a theme made classical by Claude Bernard and 
developed by many great physiologists hke Sherrington, Haldane, and 
Barcroft m this country, and Cannon, Lawrence Henderson, and Van Slylce 
m the United States The “ constancy of the internal environment ” is the 
outstanding generahzation of physiology , the first 130 pages of this book, 
which illustrate the principle by many examples, have enabled me to 
review under one heading numerous themes which are usually treated apart 
because they fall mto what conventional classification treats as separate 
systems On the clinical side this chapter deals with many topics of 
practical importance, such as water and salt lack and excess , tests of renal 
function , renal failure , acidsemia and alkaleemia , diabetes insipidus , 
oedema , blood changes m obstruction of the alimentary canal , disorders 
of the cerebrospmal fluid Other newly arranged chapters are those on 
“ Metabolism,” “ Endocrine Control of Metabolism ” and “ Reproduction ” 
An important feature of this edition is an increase in the number of 
illustrations About 200 new figures have been added, bringing the total 
up to 688 , these figures have been carefully chosen, mainly from recent 
papers , most of them have been redrawn or modified to make them more 
suitable for teaching purposes My experience makes me doubt whether 
illustrations are adequately or properly used Many welcome them as mere 
padding material which leaves less text on the page and enables one 
consequently to cover the ground more quickly It is curious that though 
diagrams are studied with care, illustrations which summarize the results of 
actual experiments and so represent first-hand evidence are merely glanced 
at I again draw attention to the Appendix (p 1118) in which two figures 
are carefully described and analysed It might be worth the reader’s while 
to examine many of the illustrations in the text m the same thorough way 
The sources of all the figures are fully acknowledged m the text , I might 
add that any paper that contams a figure worth borrowing is invariably 
well worth reading Professor Diamond and the Commonwealth Fund of 
New York kindly gave me permission to prepare the three new colour plates 
from the beautiful illustrations m the book by Blackfan, Diamond, and 
Leister, Atlas of the Blood m Children 

As m the past, the references have been restricted to a few key papers 
which I have found especially useful , they will serve to introduce the 
reader to the copious literature of the subject 

tt The terminology m the chapters on the “ Nervous System ” and 
Autonomic Nervous System ” with few exceptions follows that used by 
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FROM THE PREFACE TO THE FIRST EDITION 

This book is based on tbe various courses of lectures I have given both m 
the department of Physiology m tbe Middlesex Hospital Medical School 
and to men working m the wards and the various departments of the Hospital 
My aim has been to present clearly and concisely how the various functions 
of the body aie performed To economize space, no account is given how- 
ever, of the peripheral mechanism of vision or of hearing , otherwise, the 
ground is covered fairly completely As the book is intended for medical 
readers, I have throughout laid emphasis on and devoted particular attention 
to those functions which are commonly deranged m disease I have kept 
m view Dr Haldane’s dictum, that the aim of physiology is to consider how 
the internal environment of the body is kept constant m spite of continual 
alterations m the external environment Throughout the text numerous 
cross references have been inserted which may help to clear up doubtful 
points, and are especially intended to impress on the reader that the subject 
must be considered as a coordinated and integrated whole, and that it does 
not deal with a series of isolated and independent organs and systems 

I have not attempted, m the more strictly applied sections of the book, 
to cover the ground completely, but I have selected from the mass of material 
available the problems of the greatest practical importance, and particularly 
those which are, perhaps, not so fully discussed m text-books of pathology 
or medicine 

I must confess to have paid some attention to the requirements of the 
various examining bodies The physiological sections may prove useful 
to men reading for the second M B examination of the various Universities, 
and in particular X hope it will be helpful to men preparing for the Primary 
Fellowship examination of the Boyal College of Surgeons The apphed 
sections may be found helpful by men reading for their final examinations, 
and perhaps even for the higher examinations of M D or M R C P 

It seems to me unfortunate that in the teaching of physiology greater 
use is not made of the wealth of chmcal material present m the wards of 
the Hospitals, which could readily be made available The mam facts of 
the physiology of the nervous system and the ductless glands, at any rate, 
could thus be clearly demonstrated , and the interest of the student would 
be aroused when he finds that he is considering m Xus physiological studies 
the same patients that he will have to deal with when doing his chmcal 
work This is the method I have adopted whenever possible m this book 
In considering the cerebellum, for example, a full account is given of the 
symptoms and signs of lesions to this structure m the human subject This 
enables the student of physiology to draw his conclusions concermng the 
functions of the organ, and at the same time familiarizes him with the chmcal 

IX 
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APPLIED PHYSIOLOGY 


I 

REGULATION OF CONSTANCY OF INTERNAL 
ENVIRONMENT [MILIEU INTERIEUR] 

THE INTERNAL ENVIRONMENT (MILIEU INTERIEUR) 1 

Internal Environment (Milieu Interieur ) — Claude Bernard pointed out 
that the external environment of the organism as a whole, e g atmospheric 
air in our own case, is not the external environment of the individual cells 
of the body The cells are carefully insulated from the general external 
environment and are bathed by the fluid in the minute spaces between the 
cells — the so-called tissue or interstitial fluid Interstitial fluid can normally 
be collected only with great difficulty , fortunately, however, its crystalloid 
composition is almost identical with that of plasma which is easily obtained 
for analysis It is customary m fact to use plasma analyses as a guide to 
variations in the composition of the interstitial fluid Claude Bernard called 
the interstitial fluid and the plasma the internal environment ( milieu interieur) 2 
He emphasized that m spite of the very wide range of variation that occurs 
in the composition of the external environment, the internal environment by 
contrast is kept remarkably constant as a result of the intervention of many 
compensatory mechanisms The way in which the constancy of the internal 
environment is maintained with respect (for example) to acid-base equili- 
brium, osmotic pressure, concentration of individual solutes or of ions (sugar, 
Na+, K+, Ca++), and temperature is one of the most important problems 
of physiology The constancy of the internal environment is not absolute , 
under normal conditions slight variations occur as with all so-called physio- 
logical “ constants ” If the stresses imposed on the system become too great 
the composition of the internal environment may alter significantly, often 
with disastrous effects Claude Bernard pointed out that the constancy of 
the composition of the milieu mtenew is “ the condition of a free life ” If 
by a “ free life ” is meant vigorous and effective activity of the organism as 
a whole, the aphorism is extremely apt Thus a deviation of H + ion concen- 
tration from the normal pH of 7 4 to 7 0 or 7 8, a change of serum calcium 
from 10 mg to 5 or 15 mg-%, a change of blood sugar from 100 to 30 mg-% 
may cause loss of consciousness and the danger of imminent death 

Living cells are always undergomg change, but to survive and function 

1 Claude Bernard, Introduction to the Study of Experimental Medicine (English transla 
tion), N Y , 1949 Olmsted, Claude Bernard, physiologist, N Y , 1938 Barcroft, Arcln 
teclure of Physiological Function, Cambridge, 1934 Cannon, TFisdom of Body, N Y , 1932 
Sherrington, Man on his Nature, Cambridge, 1951 Sunderman and Boerner, Normal 
Values in Clinical Medicine, Philadelphia, 1949 

2 “ Qu’est ce que ce milieu interieur ’ C’est le sang, non pas a la vente le sang tout 
entier, mais la partie fluide du sang, le plasma sanguin, ensemble de tous hquides 
interstiticls, source et confluent de tous les echanges elementaires ” (Claude Bernard ) 

I 
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BODY WATER 


normally their integrity in all respects, i e their form, chemical composition 
and chemical organization must be constantly and fully restored and pre- 
served Cells maintain the composition of their organic constituents not by 
inactivity but by ceaseless activity Innumerable enzymes are constantly 
breaking down all the organic cell constituents, both large and small , on 
the other hand synthetic enzymes are constantly making good this “ chemical 
erosion ” by rebuilding the cell structure from the components of the diet 
and from cellular debris The stabihty of the living cell is a dynamic one, 
resultmg from the establishment of a balance between the breakdown and 
repair reactions The most comprehensive generahzation of physiology is 
that the orgamsm reacts to environmental changes (mternal or external) m 
such a manner as to preserve the mtegnty of the whole organism and of its 
constituent parts 

The fluid inside the tissue cells is called the intracellular fluid , when its 
composition is compared with that of the surrounding medium (the inter- 
stitial or extracellular fluid) marked differences are revealed (p 5) To 
maintain the characteristic pattern of its electrolyte content the cell must 
use energy which is derived from catabolic processes (p 8) In order that 
a cell may function normally it must maintain the constancy of its own 
mternal “ private ” composition and also be bathed in a surrounding fluid 
of utterly different composition which also must be kept approximately 
constant Thus, if the Na+ ion concentration m the interstitial fluid is 
decreased, the excitability of nerve fibre and skeletal and heart muscle 
diminishes , m the absence of interstitial Na + ions, excitability disappears 

The body then is a highly sensitive, highly efficient self-regulating and 
thus self-preservmg mechamsm , it automatically preserves the constancy 
of its own private mternal world in the face of the widest variations m the / 
character of the outside world But with the development of intelligence, 
man need no longer depend exclusively on his inborn unconscious reactions , 
he can devise new supplementary protective methods Thus he helps to 
maintain the constancy of body temperature at the North Pole and Equator 
by attending to such matters as clothes and shelter , m “ conditioned ” 
houses he can even provide for himself the external environment most 
congenial and convenient to his body and mind At high altitudes he can 
overcome the effects of oxygen lack ( anoxia ) not only by automatic physio- 
logical reactions but also by deliberately providing himself with a supply of 
pure oxygen or by encasmg himself m a pressurized chamber in which the 
atmospheric conditions present at sea level are mamtamed 


BODY WATER AND BODY FLUID GENERAL SURVEY 
OF WATER AND FLUID EXCHANGES 1 

Body Water — Water is the largest constituent of the body , about 
65-70% of the total body weight consists of water The body of a man 
weighing 70 kg thus contains about 50 L of water The water content of 
most tissues is 70-80%, the skeleton bemg the prmcipal exception with a 
water content of about 20% It is a little surprising that bones should 

i Gamble, Extracellular Fluid, Harvard University Press, 1949 Peters, Body Water 
Springfield, Illinois, 1935 Physiol Rev , 1944, 24, 49 
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3 


contain even so much water, but it must be remembered that one-third of the 
weight of a fresh bone consists of organic material dissolved in water (the 
inorganic salts constitute the other two-thirds) 

Body water is found 

( 1 ) inside the cells — mti acellulai water, 

(n) outside the cells — exti acellulai water The extracellular water is 
further subdivided into (a) water in the plasma , (6) inter- 
stitial water, present in the cracks and crevices ( tissue spaces) 
which he between the tissue cells Additional minor divisions 
of the extracellular water are lymph (in the lymphatic vessels), 
cerebi ospmal fluid, and aqueous humour (m the anterior chamber 
of the eye) 



Fig 1 — Diagram showing Principal Compartments 
of Body Fluid and Main Fluid Exchanges that 
take place in the Body (After Gamble, 
Extracellular Fluid, Harvard University Press. 
1949 ) J 


Approximate quantitative data for a man weighing 70 kg and for one 
weighing 60 kg are summarized below (see also Pig 1) 


Total body weight 
Total body water 

(l) Intracellular water 
(u) Extracellular water 

(a) plasma 

(b) interstitial water 


100% 70 kg 60 kg 
70% 50 L 42 L 
50% 35 L 30 L 
20% 15 L 12 L 
5% 3 5 L 3 L 

15% 11 5 L 9 L 
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WATER EXCHANGES 


Water Intake and Water Loss —Body water is constantly carrying 
out exchanges with, the external environment (Fig 1) 

(1) Water is normally absorbed into the body from the bowel, it can 
also be introduced artificially, e g by subcutaneous or intravenous 
injection 

(2) Water is eliminated, from the body 

(l) via the kidney m the urine , 

(n) via the shn (a) m so-called insensible perspiration and (6) in 
sweat , 

(m) via the lungs m the expired air , 

(iv) to a minor degree via the large intestine m the feces, m lactating 
women in the mill (and from time to time m the tears) 

(3) It must also be remembered that water is constantly being formed 
m all tissues as an end-product of the oxidation of the foodstuffs 

Approximate quantitative data (both average and range) for these 
exchanges per day are as follows 

Watei intake as water, 1500 c c [range 0 to several litres per hour] , 
m food, 1000 c c [depending on composition of diet] , 
from oxidation m tissues, 300 c c 

Water loss m urine, 1500 c c [range under 20 c c to over 1200 c c 
per hour] , 

via km { msensi ^ e perspiration [constant at 600-800 c c ] 
via s ' n | sweat jy an g e q to nearly 2 litres per hour] , 
via lungs, 400 c c , 

in feces, 100 c c [increased m diarrhoea] 

Over a reasonable period of time water intake and water loss must be equal 
if the normal water balance is to be maintained Water intake can be 
reduced to nothing, the only source of water then being the small volume 
formed during the oxidation of foodstuffs Water loss, however, cannot 
normally be reduced to the same degree , thus 

(i) insensible perspiration from the skm and water loss by evaporation 
from the lungs never fall below about 1000 c c per day , and 

(u) a minimal flow of urine of about 400 or 500 c c per day is needed 
for the excretion of waste products 

Excessive water loss produces dehydration, and excessive water retention 
produces hydration , lowered water content of the blood is called anhydrcemia 
and excessive water content hydrcemia 

Body Fluid — Body water plus its dissolved solutes is called body fluid 
Body fluid can be regarded as lying in three compartments (Fig I) 

(l) the intracellular fluid which is bounded by the membranes of the 
individual cells , 

(u) the plasma which is bounded by the walls of the blood 
vessels, and specifically m the capillaries by a thin-walled 
endothelium , 

(ui) the interstitial fluid ( tissue fluid) which is separated from the 
intracellular water by the cell membranes and from plasma by 
the capillary endothelium 
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Composition of Body Fluids —Considered initially in a simplified way, 
plasma consists of water, dissolved crystalloids (.the clnef being NaCl) and 
dissolved colloids (mainly protein, about 7—8%) Interstitial ( tissue ) fluid 
has approximately tbe same crystalloid composition as plasma but its protein 
content is small 1 Intracellular fluid has an entirely different composition 
m many cells it contains little or no Na+ or Cl' , tbe principal cation is K+ 



Fluid, Tissue Cells and Red Blood Corpuscles (After 
Gamble, Extracellular Fluid, Harvard University Press, 
1949 ) 


Concentrations are expressed m milhequivalents per litre of water Xon- 
Elect = non electrolytes , HPO4 = inorganic phosphate, XHPO4 — 
organic phosphate , Org A=orgamc acids , Und ^undetermined , P = 
plasma protein ATP =adenosme triphosphate , Dipli Glj c = 
dipliosphoglj cerate Hb=ha;moglobm In each box diagram the left 
hand column depicts cations, the right hand column anions 

(and some Mg++) tbe principal anions are organic pbospbate (XHPO/), 
bicarbonate (HC0 3 '), and sulphate (S0 4 ") , it contains far more protein than 
plasma , m muscle fibres, for example, tbe protein content is about 20% 
Tbe concentrations of tbe constituents of tbe body fluids are compared m 
Pig 2 , tbe values are expressed per litre of water Tbe Table on p 6 gives 
tbe composition of plasma , tbe values are there expressed per L or per 
100 c c of plasma (93% of tbe plasma and 70% of tbe red cells is water) 
(cf p 8) 

1 The composition of cerebrospinal fluid is set out in detail on p 119 
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INTERNAL FLUID EXCHANGES 


Composition of Plasma 1 
Base _d cu i 



m Eq /L 

mg /100 c c 


m Eq /L 

mg /1 00 c c 

Na + 

143 

330 

HCO ' 

27 

165 

K+ 

5 

19 5 

cr 

103 

365 

Ca++ 

5 

10 

HPO/ 

2 

35 

Mg++ 

2 

25 

so/ 

1 

_ 1 5 


— 


Organic Acid 6 



155 


Protein 

16 



155 


Internal Fluid Exchanges — In addition to tlie exchanges between 
the body and the external environment referred to above there is a much 
vaster internal turnover of water 

(i) Water is secreted in large amounts (about 8~9 L per day) by the 
digestive glands (salivary glands, stomach, pancreas, liver, small intestine) 
from the blood into the lumen of the bowel whence it is completely reabsorbed 
into the blood (almost entirely m the small intestine), apart from the very 
trivial loss in the feces 

(n) A constant large-scale to and fro interchange is always taking place 
between the plasma (in the vascular compartment) and the interstitial fluid 
(m the tissue spaces) 

(ni) In the kidney some 170 L of water are filtered out m the 24 hours 
from the glomerular capillaries into the capsules of Bowman to pass down 
the renal tubules whence it is almost completely reabsorbed into the blood 
agam, apart from about 1500 c c which are passed out as urine 

(iv) Smaller scale exchanges are taking place between the blood and the 
cerebrospinal fluid or the aqueous humour The principal mternal turnovers 
can be summarized thus 

Bowel blood-s-digestive glands-Humen of bowel->blood 

Kidney blood— >glomerular capillaries— >Bowman’s capsule (glomerular 
filtrate-f-down renal tubule->blood 

Captlhrm blood-* tissue “mpbatios^blood 

Brain blood— >choroid plexuses-»cerebrospmal fluid->blood 

Interchanges between Various Fluid Compartments — This question 
will be dealt with more fully later but must be touched on here 

Plasma and Interstitial Fluid — The capillary endothelium intervenes 
between these two fluids The endothelium is freely permeable to water and 
all dissolved crystalloids , under conditions of equihbnum therefore the 
concentration of the crystalloids in plasma and interstitial fluid is roughly 
the same Normally, however, the capillary membrane is almost completely 
impermeable to protein , plasma contains 7-8% of protein while interstitial 
fluid contains very little The presence of ionized, protein molecules m the 
plasma leads to certain differences, in electrolyte composition, between plasma 
and interstitial fluid (the so-called Donnan equilibrium) In abnormal states 
1 The meaning of m Eq /L (milhequivalents per litre) is explained on p 12 
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the permeability of the capillary endothelium is increased and then larger 
concentrations of protein escape into the interstitial fluids 

Interstitial Fluid and Intkacellular Fluid 1 — Permeability of Cell 
Membranes — The properties of the membranes enclosing tissue cells and red 
cells have been studied m great detail but our knowledge of the subject is 
still incomplete The chief findings are as follows 

( l ) The cell membrane is freely permeable to water 

( 11 ) It is — and has to be if the cell is to live at all — freely permeable to 
food materials such as glucose, acetoacetate and ammo-acids which pass 
m, and products of metabolism like urea, which pass out Some metabolites 
like lactate may move m or out of the cell under different circumstances 

(m) The cell membrane is presumed to be impermeable to protem , but 
m the case of the liver, protem can undoubtedly move in and out of the . 
cells to regulate the plasma protem concentration (cf p 138) 

(iv) The cell membrane is impermeable to organic phosphate anions 
(represented as XHP0 4 ", where X is the organic radical, e g m adenosme 
triphosphate) , it is permeable to inorganic phosphate ions The tissue cells 
(and red cells) are rich m organic phosphate which is thus “ locked away ” 
wit hin them , the plasma and interstitial fluid only contam small amounts 
of inorganic phosphate 

(v) The red cell membrane is freely permeable to other inorganic anions, 
e g chloride and bicarbonate (cf p 419) Tissue cells (unlike red cells) contam 
no chloride although the interstitial fluid is rich m chloride (Fig 2) It is 
alleged that tissue cell membranes are impermeable to chloride , the true 
explanation may be that the chloride is actively extruded by the cell as is 
known to be the case for sodium (infra) More information is needed on this 
subject 

(vi) Tissue cells contam little or no sodium , red cells contam some 
sodium but m far lower concentration than does plasma Tissue cells and 
red cells are rich m potassium, the concentration far exceedmg that in 
plasma It was thought m the past that cell membranes were impermeable 
to cations and thus to sodium and potassium This view is incorrect, as 
shown by the following observations 

(a) Studies with radio-active isotopes show that Na + and K+ move freely - 
m and out of red cells m the circulating blood 

(b) During the activity of nerve fibres Xa+ leaks m and K + leaks out of 
the fibre , these movements are reversed during the recovery process (p 485) 

(c) Red cells stored in the cold outside the body lose K + and gam Na+ , 
after reinjection mto the circulation they expel the newly added Na + and 
regain K + It will be shown that living red cells by usmg energy derived 
from metabolic processes actively maintain their normal, characteristic 
cation pattern which is so different from that of the surrounding plasma 
When red cell metabolism is depressed, or ceases, the cations move passively 
with the concentration gradient, i e the red cells then lose K + and gam Na+ 

These phenomena are discussed more fully below 

Cation Changes in Stored Blood — Samples of blood treated as shown 
m the Table (p 8) were examined (i) In fresh blood the red cell cation contents 
are EL+, 100, and Na + , 12, m Eq per litre of red cells , since the cells contam 
about 70% of water, the amount of K+ m cell water, i e the concentration of 

1 Ussmg, Physiol Rev , 1949, 29, 127 (transport of ions across cellular membranes) 
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CATION CHANGES IN STORED BLOOD 


K+ (usually written [K+]) is 144 mEq/L, [Na+] is 17 , [K++Na+] is 161 
In plasma, [K+] is about 5, and [Na+] is about 145 m Eq [L of plasma As 
plasma contains about 93% water, plasma [K+] is 5 and [Na+], 155 m Eq fh 
of plasma ivaier Total [K++Na+] is 160 It will be noted that cells and 
plasma are in osmotic equilibrium (Table, (1) ) 

TABLE (Data from Maizels) 




Cells 

Plasma 

Volume 



1 

i 

i 


1 



Contents 

Concentration 

Contents 

Concentration 


m Eq /L 

m Eq [L of 

mEq/L 

m Eq [L of 


of cells 

cell water 

of plasma 

plasma ivaier 


1 

K> 

Na+ 

[K+] 

[Na+] 

K+ 

Na+ 

m 

TNa+1 

85 

100 

12 

144 

17 

5 

145 

jpg 

155 

89 

70 

45 

99 

63 

24 

123 


132 

97 

60 

62 

81 

83 

30 

112 

33 

A 123 

86 

92 

20 

131 

29 

10 

139 

11 

148 


Treatment of blood 


1 Freshly drawn blood 

2 Cold stored for 7 days , no glucose added 

3 Blood treated as in (2) and then incubated at 37° C for 18 hours (no glucose added) 

4 Blood stored as m (2) and then incubated at 37° C for 18 hours (glucose added) 


(n) If fresh blood is cold-stored, red cell metabohsm is reduced to a 
minimum , as a result the cations flow with the concentration gradients, 
cell K + thus falling and Na+ rising As the latter proceeds more rapidly 
than the former, total cell base (Na+-j- K+) increases , because of the increased 
intracellular crystalloid osmotic pressure, water flows into the cell (Table, (2)) 
and the cell volume rises from 85 to 89 g 3 m 7 days , because of this movement 
of water, the cation concentrations m cells and plasma still balance If the 
cold-stored blood is now incubated at body temperature without added glucose, 
the blood glucose is soon used up and red cell metabohsm ceases The process 
of passive diffusion of Na+ into, and of K + out of, the cells with the respective 
concentration gradients, is speeded up by the rise of temperature Total cell 
base content and cell volume, therefore, increase further although total cell and 
plasma base (cation) concentrations still remain approximately equal (Table, 
(3)) 

(m) If, on the other hand, glucose is added to the cold-stored blood and 
the mix ture is incubated at body temperature, cell metabohsm is restored 
and the cation pattern begins to return to normal , thus the cell Na + con- 
centration is lowered from 63 to 29 m Eq /L although external, i e plasma 
[Na + ] is ini tially 132 mEq/L, cell [K + ] rises, e g from 99 to 131 mEq/L, 
the movements of both Na+ and K+ are occurring against the concentration 
gradient Both total base and cell water decrease and cell volume returns 
practically to normal (Table, (4)) 

Mechanism of Active Cation Transfer 1 — Movements of ions against 
concentration gradients require the expenditure of energy, which in the red 

1 For full discussion see Flynn and Maizels, J Physiol , 1949, 110, 301 , Maizels, 
J Physiol , 1951, 112, 59 
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cell is supplied by metabolizing glucose , mannose and fructose will also 
serve, but not galactose or other sugars Tbe process is not inhibited by 
cyanide or carbon monoxide and so is independent of the cytochrome 
mechanism and of respiration , but it is inhibited by sodium fluoride and 
lodoacetate and so depends on energy supphed by glycolysis, i e the break- 
down of glucose to lactic acid which can take place in the presence, or 
absence, of oxygen Thus although human red cells have a negligible level 
of respiration they can obtain energy for cation transfer from glycolysis 

In the recovering red cell, the energy is used primarily to expel the Na+ 
(which has entered), out of the cell into the interstitial fluid As a result of 
this process, the physical conditions within the cell are changed m such a 
manner as to permit the intracellular protein and organic phosphate anions 
to attract K + into the cell from the interstitial fluid against the concentration 
gradient In normal red cells, circulating in the plasma, the constant 
tendency of Na + to enter is overcome directly by the energy liberated m the 
cell, and secondarily the cell K + is retamed It is probable that the cation 
pattern of other tissues is maintained m the same way Thus the distribution 
of K + and Na+ m muscle and nerve fibres is similar to that found in human 
erythrocytes , its normal maintenance likewise depends on active cation 
transport and probably on glycolysis 

Glycolysis, which is a less effective source of energy than respiration, 
releases enough energy to enable a cell to maintain its own cation pattern 
But when a cell is also engaged in mediating active ionic transport on behalf 
of other tissues, glycolysis does not supply sufficient energy , thus the renal 
cells which also have to transfer ions from the lumen of the renal tubule into 
the blood often against the concentration gradient so as to maintain the 
electrolyte pattern of the whole body, must respire to obtain enough energy 
for this work , if the cells are poisoned with cyanide active ionic transfer 
ceases (p 29) 

Determination of Volume of Water m the Various Body 
Compartments 1 — The principles underlying the methods of determining the 
volume of plasma, interstitial fluid, and intracellular fluid are simple 

Plasma Volume — (1) Dyestuff Method 2 — To determine plasma volume 
a non-toxic dyestuff which is easily__identified and readily determin ed qua ntita- 
tively is injected intravenously^ The ideal substance after intravenous injec- 
tion should (l) not penetrate into the red blood cells, (n) not leak . out t hrough 
the capillary endothelium into the tissue spaces, and (m) be^rapidly and 
uniformly distributed throughout the entire circulation The degree of 
dilution of the dye is a measure of the plasma volume ' The dye Evans’ blue 
(T1824) has very approximately these properties , it is retamed m the circula- 
tion because it is bound with serum albumin The results given by this 
method tend to err on the high side 

(2) Radio-iodine-plasma-proiem Method 3 — 5 mg of iodine containing a 
trace of radio-active isotope (either 130 I\ half-life 13 hours or 131 P, half-life 
8 days) are added to 50 c c of plasma m vitro , the lodme combines with the 
plasma protein The treated plasma is injected intravenously , the degree 
of dilution of its radio-activity is a measure of the plasma volume The 

1 See Methods in Medical Research, 1951, 4, Section II, N Y 
: Noble and Gregerson, J din Imestig , 1946, 25, 158 
s Fine and Sebgman, J dm Imestig , 1944, 23, 720 
I* 
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DETERMINATION OF RED CELL VOLUME 

method is based on the relative impermeability of the capillary endothelium 
to plasma protein 1 

Red Cell Volume — (1) Fiom Plasma Volume and Hcematocnt Value — 
The relative volume of plasma and corpuscles is determmed by centrifuging 
oxalated blood in a graduated tube ( hcematocnt ) , the corpuscles sink to the 
bottom and are closely packed together, the plasma rises to the top , the 
volume of the packed red cells and of the supernatant plasma is read off 
The average normal findings are that 100 c c of blood contain 4 5 c c of red 
cells and 55 c c of plasma If the total plasma volume and the ratio of red 
cell/plasma volume are known, the total red cell volume can be calculated 
Thus if the plasma volume is 2750 c c and the red cell/plasma volume ratio 

45 

is 45/55, then the total cell volume is 2750 X=v= 2250 cc The calculation 

55 

assumes that the cell/plasma ratio in the blood m a large vein (the blood 
usually examined) is the same as m the blood volume as a whole This is, 
however, not the case , when the cell volume is determmed directly (infra) 
and is compared with plasma volume, the cell volume is found to be less 
m the ratio of 0 85/1 than that calculated from the plasma volume deter- 
mination and haimatocrit findings 2 3 This means that the blood in the small 
vessels contains relatively / ewer cells than the blood m the mam vessels If 
the cell/plasma ratio as determined m blood from the mam arteries and veins 
is represented as 1, then the relative cell content elsewhere is medium vessels 
0 92 , whole body blood 0 85 , minute vessels (arterioles, capillaries, venules) 
0 68 , liver vessels about 1 , spleen vessels over 1 

(2) Direct Red Cell Volume Determination using Radio-iron 3 — Two useful 
radio-isotopes (p 209) of iron are available 69 Fe*, half-hfe 47 days, emits 
y- and /brays , 65 Fe half-hfe 5 years, emits X-rays Ferric ammonium 
citrate equivalent to 1 mg of Fe, with a trace of its iron as the radio-active 
isotope 55 Fe 1 ' or 59 Fe"', is injected mtravenously mto a subject (called the 
donor) who should belong to Group O and be Rh negative The radio-iron 
is taken up by the red bone marrow of the donor and is used m the manu- 
facture of new red cells A measured volume of the donor’s blood is with- 
drawn and the radio-activity of a cell sample is determmed , the donor’s 
radio-active blood is then injected into a recipient whose cell volume is to 
be measured The injected “ tagged ” (radio-active) red cells are thoroughly 
mixed up by the circulation with the recipient’s cells A specimen of the 
recipient’s blood is withdrawn and the degree of dilution of radio-activity 
m a cell sample is determmed , from this the degree of dilution of the injected 
red cells by the recipient’s red cells and thus the recipient’s red cell volume 
is deter mm ed The most rehable expression for the ratio of red cells to plasma 
in the entire blood volume is 

red cell volume determmed by radio-Fe 
plasma volume determmed by radio-I-protem 

Extracellular Water — Ideally this volume could be determmed by 
measuring the degree of dilution of a non-toxic substance with these 

1 It is noteworthy that as a matter of fact 10-25% of the lodinated protein escapes 
from the plasma in the first hour (about the same rate at which the blue dye escapes) 

2 Gibson et al , J elm Investig , 1946, 25, 848 

3 Gibson et al , J elm Investig , 1946, 25, 605, 616 
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properties ( 1 ) it can pass freely through, the capillary endothelium and 
become uniformly distributed throughout the extracellular water , (n) it 
cannot pass through the cell membranes , (in) during the mixing period it 
is neither metabolized nor excreted Radio-active Na pbNa’"] or Cl [ 38 CF] 
(given as NaCl) may be used, but even these ions penetrate to a small 
extent into certain tissue cells and so give values for the extracellular 
water which are too high If the volume of the extracellular water and the 
plasma are known, the volume of interstitial water can be derived by 
subtraction 

Intracellular Water — To determine this volume, total body water 
must be determined by administering a substance which diffuses freely 
throughout the water of the body, i e it must be able to pass through all 
cell membranes (as well as through the capillary endothelium) The only 
known substance with the necessary properties is heavy water (D 2 0), i e 
water m which the ordinary H atoms have been replaced by deuterium (D, 
heavy hydrogen, of atomic weight 2) Heavy water m the concentrations 
used m such experiments has the same properties as water and like water 
moves freely into and out of cells 1 If total body water is known, on subtractmg 
extracellular water the volume of the intracellular water is derived 

SOME ELEMENTARY CHEMICAL AND PHYSICO-CHEMICAL DATA 

REVIEWED 2 

It is essential to have a clear understanding of the following terms 

Electrolytes Ions — All acids, bases and salts (electrolytes) m aqueous 
solution dissociate to a varying extent into electrically charged particles 
called ions Thus, in the body fluids NaCl does not exist as the molecule, 
but as positively charged Na ions (Na + ) and negatively charged Cl ions (Cl') 
Similarly, NaHCO s dissociates into Na + and HC0 3 ' In an electric field all 
positively charged ions (H + and the so-called basic radicals, e g Na+, 
K+, NH 4 +, Ca ++ , Mg ++ ) move to the negative pole or cathode, and are 
therefore called cottons , all negatively charged ions (OH' and the so-called 
acid radicals Cl', HC0 3 ', HP0 4 ", S0 4 ") move to the positive pole or anode, 
and are therefore called anions At the slightly alkaline reaction of the body 
fluids the proteins exist as salts (i e combined with bases), e g m plasma as 
Na Protemate which ionizes into Na + and an enormous acidic anion, 
Protemate' (p 134) 

It is important to consider the behaviour of the individual ions separately 
(and not in terms of the salts from which they are derived) as the concentrations 
of any ion may vary independently of the others Thus the concentration 
of Na + and Ci' may vary independently of one another Certain of the 
organic solutes in the body fluids are un-iomzed , e g urea and glucose exist 
as the molecules and are thus non-electrolytes 

Molar Solution — A molar solution contains the molecular weight of 
the substance expressed m grammes (g ) dissolved m 1 litre (L) Thus a 
molar solution of NaCl (atomic weight of Na is 23 , of Cl is 35 5 , molecular 
weight of NaCl is 58 5) contains 58 5 g of NaCl per L 

1 For technique see Schloerb et at , J din Inveshg , 1950, 29, 1296 

1 Davson, General Physiology, London, 195 1 (full treatment of physicochemical 
aspects of physiology) 
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Valency — A monovalent atom or radical (e g Na+, K+, NH 4 + , OH', Cl') 
combines with or displaces one atom of hydrogen , a divalent atom or radical 
(e g Ca++ Mg^ , SO/), combines with or replaces two, and a tnvalent three, 
atoms of hydrogen 

Equivalent Weight — The gram-equivalent weight (loosely referred to 
as the “ equivalent weight ” or the “ equivalent ”) of a reactive unit (atom, 
ion, molecule) is the weight m g which combines with or displaces 1 g of 
hydrogen Thus the equivalent weight of monovalent units (Na + , R+, OH', 
Cl', NH 4 +, NH 3 , etc ) is equal to their unit weight (atomic-, ionic-, molecular- 
weight) , the equivalent weight of divalent units (Ca++, Mg++, S0 4 ", H 2 S0 4 ) 
is half their unit weight The equivalent weight of any unit combines" with 
or replaces the equivalent weight of any other appropriate unit Thus 23 g 
of Na + , 39 g of K+, or 18 g of NH 4 + mutually replace one another m salts, or 
combine with 35 5 g of Cl', 48 g of S0 4 ", or 61 g of HC0 3 ' , the weights 
mentioned above are chemically equivalent (hence the term equivalent) 
One equivalent of A will combine with or replace one equivalent of B what- 
ever the valencies or unit weights of A and B By expressing the concentra- 
tion of units m terms of equivalents we eliminate the factor of difference m 
the weight of the individual units and can compare the relative number of 
chemical combining units concerned This device is made use of m expressmg 
the concentration of H+ and OH' ions when the acidity or alkalinity of a solu- 
tion is being described As the electrolyte concentrations in the body fluids are 
low it is customary to express them as milhequivalents (mEq) ImEq is 
one thousandth of a g equivalent per litre , i e to convert equivalent into 
milhequivalents multiply by 1000 Thus a solution containing 23 g of Ham- 
per L=1 Eq per L=1000 m Eq per L 

As ionic and electrolyte concentrations are more generally expressed as 
weight pet volume, one must be able to convert concentrations expressed 
as mg per 100 c c into concentrations expressed as m Eq per L The 
following conversion table (Gamble) shows how the calculation is carried out 

The general formula used is value m m Eq /L=mg per 100 c c X10X 
(Y— A) (where V=valency , A=atomic weight) 

m Eq /L 


Na+ 

mg 

per 100 c c X 10—23 (V=l) 

K+ 

5 5 

„ „ „ —39 (V=l) 

Ca++ 

55 

, „ x (2—40) (V=2) 

Mg ++ 

55 

„ , „ X (2—24) (V=2) 

Cl' 

) 5 

„ , „ — 35 5 (V=l) n „ 

HP0 4 " 

5 J 

„ „ „ x(l 8 x — 31) (V=l 8) (expressed as P) 

S0 4 " 


x(2— 32) (V=2) (expressed as S) 


It is customary to express the concentration of carbonic acid (H 2 C0 3 ) and 
of bicarbonate (BHCO s ) in blood not as a mass (tea weight) but as the 

1 In the plasma the inorganic phosphate is 20% m the form of BH 2 P0 4 (containing 
one Eq of base (B)) and 80% m the form of B s HPO„ (containing two Eq of base) 
BELPO4 ionizes into B+ and H„PO/ (univalent) 

B a HP0 4 ionizes mto 2B+ and HPO/ (divalent) 

Though the inoigamc phosphate m the body fluids is always represented as the divalent 
form HP0 4 ", the virtual valency is 1 8 1 e (0 2xl)+(0 8x2)) 
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volume of C0 2 (measured at N T P ) which the H 2 C0 3 or BHC0 3 would give 
off after acidification in a vacuum These vols of C0 2 per 100 c c blood are 
converted into m Eq per L by dividing by 2 22 

Thus 3 vols per cent of C0 2 as H 2 C0 3 =3 — 2 22=1 4 m Eq /L 
50 vols per cent of C0 2 as BHC0 3 =50 — 2 22=22 7 m Eq /L 

PHYSICAL FACTORS INVOLVED IN FLUID AND ELECTROLYTE 

EXCHANGE 

Before considering in detail the movement of water and dissolved sub- 
stances (solutes) between the various compartments of the body certain 
physical considerations must be recalled 

Filtration — By filtration is meant the_ passage of water and dissolved 
substances through a membrane owing to a difference of hydrostatic pressure 
on~the two sides of the membrane This difference of pressure is termed 
fEe~firtering force The fluid which passes through is termed the filtrate, 
and "consists of water and any dissolved substances to which the membrane 
is permeable Filtration characteristically occurs m the capillaries where 
the capillary blood pressure drives a more or less protem-free plasma out of 
the blood vessels 

Properties op Membranes — Membranes differ very much m permea- 
bility, tern the size and kind of molecule which is allowed to pass through 
them Certain artificial membranes only let through water, but are im~ 
permeab!e_to all dissolved substances, c g the well-known copper ferrocyamde 
pot , 1 such membranes are called ‘ semi-permeable ” 2 

(l) The membranes of the tissue cells show the peculiar differential 
permeability fully discussed on p 7 

(n) The capillary endothelium (p 6) is freely permeable to all the 
dissolved crystalloids (as well as water), but normally it is more or less com- 
pletely impermeable to protein and similar large colloidal particles In the 
glomeruli of the kidney proof is available that a fluid is filtered through the 
capillary wall which is identical m composition with plasma but minus its 
protein and fat Damage to the capillary wall increases its permeability to 
protein , badly damaged capillaries allow whole plasma (with all its protein) 
to escape , m graver injuries the corpuscles pass out too 

Diffusion — This is the movement of solutes across a membrane 
separating two fluids _under the same hydrostatic pressure but containing 
different concentrations of the solute Thus glucose, urea, Na+, CT will 
diffuse from a region of high to a region of low concentration 

Osmotic Pressure Osmosis — These terms are difficult to define but 
are readily illustrated by reference to an experiment If a strong glucose 
solution is placed inside a copper ferrocyamde pot (which is permeable to 

1 Copper ferrocyamde is produced when copper sulphate comes into contact with 
potassium ferrocyamde, the precipitate can be formed in the pores of a porous pot, 
winch is a comcmcnt support for it, In putting copper sulphate inside the pot and 
potassium ferroevamde outride 

5 This word is sometimes used to describe membranes (like those of the capillaries 
vrlucli are permeable to water and crystalloids, but hold back colloids This should be 
naoided and the word should only be used in the sense giren above There are 71 o true 
semi permeable membranes m the bod\ 
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OSMOTIC PRESSURE 


water but impermeable to glucose), and the pot is immersed m water, water 
passes from^the exterior into tlie interior of the pot and the pressure within 
it rises to a certain extent This rise of pressure is a measure of the osmotic 
pressure of the glucose solution , 1 it is as though the glucose molecules within 
the pot exerted a suction action atu acting water to themselves with a certain 
force 

It should be remembered that the osmotic pressure of a solution depends 
solely on the number of 'particles (undiss'ociated molecules and ions) m solution 
and not on their size The molecular weight in grammes of an (undissociated) 
substance, dissolved m 1 htre of water, exerts an osmotic pressure of 22 4 
atmospheres For example the molecular weight of glucose is 180 , a 
solution of 180 g of glucose in 1 htre of water exerts 22 4 atmospheres 
pressure , 0 1% solution of glucose (=1 g in 1 htre, the concentration m 

22 4 

plasma) exerts an osmotic pressure of atmospheres=0 125 atmospheres 
=0125X760 mm Hg=95 mm Hg 

When deahng with the osmotic pressure (o p ) of solutions, the concentra- 
tion of osmotically active particles is often best expressed as osmoles (or 
milliosmoles) per L One osmole (equals 1000 milhosmoles) of a substance is 
that quantity which gives an o p of 22 4 atmospheres when present in 1 L 
of solution Thus, for a solution of an undissociated non-electrolyte, the 
molar and 'osmolar values are identical , an osmolar solution (1 osmole/L) 
will contain 1 g -mole of a non-electro*lyte/L, eg 180 g of glucose or 60 g 
of urea per L In the case of substances which completely dissociate into 
ions, each ion exerts the same op as an undissociated molecule Thus a 
molar solution of NaCl (Na++Cl') has an o p of 2x22 4 atmospheres, and 
is therefore 2 osmolar (2 osmole/L) If substances dissociate only partially, 
the appropriate multiplication factor must be found by experiment 

We refer to osmolar concentration (osmolanty) mstead of to molar 
concentration when we wish to make clear the additive osmotic effect of 
individual ions (pp 30-32) 

Solutions with the same osmolanty are termed isotonic (or isosmotic) 

A solution termed “ isotonic ” (without further qualification) is one that is 
isotonic with normal plasma (though strictly speaking a single solution 
cannot be called isotomc without some other reference solution being named) , 
similarly, hypertonic or hypotonic solutions have osmotic pressures respectively 
greater or less than normal plasma 

Osmotic Pressure of Plasma — The total osmotic pressure of plasma is 
almost wholly due to its dissolved inorganic salts and other crystalloids, but 
to a slight extent it depends on the plasma proteins The calculated osmotic 
pressure of the plasma is 6 5 atmospheres (i e about 5000 mm Hg), but m 
the body only a mi nute fraction of this immense force is available for suction 
purposes, because under normal conditions the interstitial fluids (tissue fluids) 
have about the same crystalloid concentration as plasma, le they are 
isosmotic (isotonic) with plasma , as the capillary membrane is freely per- 
meable to crystalloids their concentrations on the two sides of membrane 
are usually the same 

1 The osmotic pressure of a solution can be also determined indirectly by the depression 
of the freezing point, which is proportional to the concentration of undissociated molecules 
and of ions of solute present 
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Importance op Crystalloid Osmotic Pressure and Electrolyte 
Concentration — The crystalloid osmotic pressure of the body fluids and 
of the tissue cells is one of the most important “ constants ” of the internal 
environment , its normal value is maintained far more rigidly than is that 
of the volume of the body water Quite mmor variations m crystalloid 
osmotic pressure are very harmful, as is easily shown by studying the re- 
actions of isolated organs like heart, skeletal muscles, and intestine in solutions 
which are hypotonic or hypertonic Crystalloid osmotic pressure is almost 
entirely due to the electrolytes which form a sort of fixed chemical framewoi l 
to the body fluids , the osmotic pressure of the organic non-electrolytes is 
quantitatively small and more variable For proper functioning of the tissues 
the concentration of each individual ion must be accurately maintained as 
well as the total osmotic pressure of all the electrolytes 

Plasma Protein Osmotic Pressure — The osmotic pressure of the plasma 
proteins (though very small) is of great functional importance, because the 
capillary endothelium is relatively impermeable- to pro tern It can be deter- 
mined"as follows An osmometer is employed, which consists of a small 
glass bell from the top of which project two vertical pieces of tubmg Over 
the mouth of the bell is tied the membrane, such as cellophane, which is 
completely impermeable to protein (but is freely permeable to water and 
dissolved crystalloids) , plasma is placed m the bell, and the apparatus is 
immersed in a solution having the same electrolyte concentration as plasma 
but free from protein, e g Rmger-Locke’s solution In the course of a few days 
it is found that the fluid m the projecting tubes rises to a height of about 
350 mm , equivalent to about 25 mm Hg The proteins have exerted an 
osmotic pressure of 25 mm Hg and have caused fluid to flow into the bell. As 
the membrane is permeable to the electrolytes m solution, they also diffuse 
through, so that the ultimate result is the addition of a certain volume of 
physiological saline to the plasma 

As the protein concentration m the interstitial fluid is negligibly small, 
the plasma protein osmotic pressure helps to attract fluid into the blood vessels 
Oh 'the~other hand, the capillary blood pressure is a filtering force tending 
to drive fluid into the interstitial spaces, and thus operates in the opposite 
direction to the osmotic pressure of the colloids 

The osmotic pressure of the plasma proteins depends mainly on the 
serum albumin and to a smaller extent on the serum globulin The osmotic 
pressure exerted by a substance depends on the number of molecules in the 
solution , as albumin has a much smaller molecule than globulin, -a given 
weight of albumin contains many more molecules than the same weight of 
globulin, and therefore exerts a higher osmotic pressure 1 g albumin per 
100 c c exerts an o p of 6 0 mm Hg and 1 g globulin per 100 c c only 
1 5 mm In addition, the specific osmotic pressure of a protein (i e osmotic 
pressure in mm Hg per g ) rises with increase in its concentration , con- 
versely reduction of the plasma protein concentration lowers the osmotic 
pressure per gramme of the remaining plasma protein In_hyppprotem8emia, 
therefore, there is a double disadvantage , (i) the total protein concentration 
is reduced, and (n) the specific osmotic pressure (mm Hg per g ) is decreased 
With the normal albumin/globuhn ratio of 1 7/1 0, by far the greater part 
of the plasma protein osmotic pressure (about 80%) is due to alb umin By 
virtue of their osmotic pressure the plasma proteins tend to retain fluid m the 
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capillaries and so help to maintain the plasma volume (p 81) and regulate 
the interchanges between the blood and the tissue spaces (p 18) , each g 
of albumin which is added to the plasma sucks into, and retains m it about 
2(J c c of fluid The plasma proteins influence filtration m the glomeruli of 
thejcidney (p 27) If the plasma protein concentration is decreased experi- 
mentally (by plasmapheresis), or by disease (e g Type 2 nephritis [nephrosis]) 
to below 3 5%, extensive oedema develops (p 113) 


H 


EXCHANGE OF FLUID BETWEEN BLOOD AND TISSUE 

SPACES LYMPH 

Tissue Spaces and Lymphatics 1 — The capillaries are a closed system of 
vessels , the blood only comes into actual contact with the cells of the tissues 

in the liver, where the endothelial lining 
of the vascular capillaries is deficient, and 
. _ L - |)|I -— . perhaps also m the spleen The cells 

HUm* ® everywhere else are bathed by tissue fluid 

(interstitial fluid), which acts as an inter- 
mediary, supplying nutritive materials and 
receiving the products of metabolic activity 
The lymphatic system consists of the 
lymphatic capillaries and the larger vessels 
which umte to form the right lymphatic 
duct and the thoracic duct The lym- 
M , _ phatics are a closed system of vessels 

where they ramify m the tissues (Fig 6) 
A distinction should therefore be drawn 
between the fluid m the tissue spaces and 
i v that m the lymphatic channels, to which the 

term lymph should be restricted (Fig 3) 
The large serous cavities like the peri- 
toneum and pericardium can be regarded 
as specialized tissue spaces It is doubtful 
whether any stomata connect the serous 
cavities with the lymphatics 

Composition of Lymph — Lymph from 
the lymphatic ducts has a higher protein 
content than the fluid m the tissue spaces 
and may contain a few lymphocytes 
Thoracic duct lymph contains about 4% 
of protein , it is rich m fat after a fatty 
meal (p 865) The lymph coming from the 
limbs, intestine, and liver (in animals), con- 
tains 2 4 and 6% of protein respectively In an isolated observation, the 
lymph ’ from the ankle lymphatics m a woman during walking, contained 
0 5% of protein As lymph is derived from tissue fluid, its comparatively 
highprotem content is not easily accounted for 

1 Drinker and Yoffey, Lymphatics, Lymph and Tissue Fluid, Cambridge, Mass , 1941 
Symposium on Lymph, Ann N Y Acad Sci , 1946, 46, 679-882 


Fro 3 — Arrangement of Lymphatic 
Capillaries Reconstruction of 
small portion of skin of leg of 
foetus (x 70} (After Drinker 
and Kampmeir, Amer Heart J , 
1939, 18, 397 ) 

The extreme wealth of the limphatic 
network in the skin is w ell shown Note 
the numerous valves The subcutaneous 
ple\us drains into the more slender and 
more regularly disposed and fainter) 
deeper lymphatic channels 
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Exchange of Fluid between Plasma and Tissue (Interstitial) 
Fluid — This takes place owing to 

( 1 ) Differences %n the aystalloid osmotic piessure of the fluid in the two 
compartments Such exchanges result from water drinking (p 55), water 
deprivation (p 66), salt excess (p 62), salt deprivation (p 64), and injection 
of hypotonic or hypertonic saline (pp 126, 127) , they are fully discussed at 
the pages mentioned. During tissue activity osmotically active metabolites are 
released into the interstitial fluid causing water to flow out from the plasma 


(p 20) 

(n) Differences between (a) capillmy blood pressure and tissue fluid pressure, 
(b) plasma protein and tissue fluid protein osmotic pressure The exchanges 
occurring in resting and active tissues are considered below 

Capillary Blood Pressure — This can be measured m man by intro- 


ducing a very fine cannula filled with 
sahne (connected with a hand pump 
and a manometer) into a skm capil- 
lary If the pressure m the capillary 
is higher than m the glass tube, blood 
runs into the sahne, and vice versa 
The pressure is then suitably raised or 
lowered and tested on other capillary 
loops The following results have 
been ob tamed 1 m the capillaries at 
the root of the nail, with the subject 
m the recumbent position and the 
finger held at the level of the manu- 
brium sterm There is a considerable 
pressure gradient m a capillary loop, 
the pressure being higher at the 
arterial than at the venous end of the 
capillary (Pig 4) The average values 
are arterial end, 32 mm Hg , 
summit, 20 mm Hg , venous end, 
12 mm Hg At the arterial end there 
is a difference of 5-10 mm between 



Arteriole 


Fig 4 — Capillary Blood Pressure 
a — Arteriolar capillary , c — Summit of loop , b — 
Venous capillarj The figures (32, 20, 12) 
indicate average capillary pressure m mm 
Hg m each part of the capillary (Landis 
Heart, 1930 ) 


the pressures during systole and dia- 
stole ( i e the flow is pulsatile) , but at the venous end the pulse pressure 
is negligible (the flow is uniform) These results indicate that the capillar es 
constitute to some extent a part of the peripheral resistance (cf p 302) 

Relation to Heart Level — When the finger is raised above the level 
of the manubrium sterm (i e above heart level), there is practically no 
change m the venous capillary pressure, and only a slight fall in the arterial 
capillary pressure If the finger is lowered below heart level, the capillary 
pressures rise by almost the full theoretical hydrostatic requirements 

Relation to Venous Pressure — If the venous outflow is obstructed, the 
capillary pressure rises and attains a value about 10 mm Hg higher than 
the venous pressure (cf p 322) 

Effects of Arteriolar Dilatation — This can be conveniently studied by 
1 Landis, Heart, 1930, 15, 209 
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heating the skin and so dilating the local arterioles Both arterial and venous 
capillary pressures markedly rise (e g from 40 to 60, and 10 to 40 mm Hg 
respectively), and capillary pulsation with each heart beat is obvious 
The rise is due to the general arterial pressure being transmitted more 
directly to the capillaries owing to the lessened resistance m the wider skm 
arterioles 

Internal Oigans — Less is known about capillary pressure m internal 
organs The pressure m the glomeruli of the kidney may be nearly as high 
as the diastolic blood pressure (p 25) In the intestinal capillaries the 
pressure must be higher than m the portal vem, which m man is 10-20 mm 
Hg In the liver, capillary pressure may be very low indeed 

Plasma-Tissue Fluid Exchanges m Resting Tissues —At the arterial 



Fig 5 — Effect of Gravity on Capillary Blood Pressure 

Vertical lme 0=Fmger at heart level Levels above are recorded 
to the left as minus , below, to the right as plus (Landis, 

Heart, 1930 ) 

end of a capillary the balance of the outward-driving (capillary pressure) 
and mward-pnlhng (protein osmotic pressure) forces is such that small 
quantities of fluid and dissolved substances leave the vessels to enter the 
tissue spaces The average pressure m an arterial capillary (m the skm of 
man at heart level) is 32 mm Hg , the protein osmotic pressure m the plasma 
is 25 mm This gives an outward-drivmg force of 7 mm At the venous 
end of the capillary the pressure is lower, approximately 12 mm , this is 
less than the protein osmotic pressure which has simultaneously risen shghtly 
owing to previous loss of fluid from the capillary Consequently an approxi- 
mately equal volume of fluid is reabsorbed (Fig 6) This plasma-tissue 
fluid interchange takes place on an enormous scale , a volume of fluid equal 
to that of the whole plasma escapes from the entire capillary bed into the 
tissue spaces m less than one minute 

In the dependent parts, where the hydrostatic pressure of the column 
of blood may be considerable, the capillary pressure, even at the venous 
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end, may exceed tlie protein osmotic pressure When the arm is allowed 
to hang limply, it may swell from filtration of fluid outwards into the 
tissue spaces , the venous blood leaving the part is correspondingly more 
concentrated 

Plasma-Tissue Fluid Exchanges in Active Tissues — During tissue 
activity larger quantities of fluid pass out of the capillaries into the tissue 
spaces In the case of a reading gland (eg sahvary gland) most of this 
fluid is then actively transferred by the gland cells from the tissue spaces into 
the lumen of the gland duct This active process is called secretion and 



unhke purely physical processes hke osmosis or filtration it involves increased 
metabolism (increased 0 2 consumption and C0 2 formation, increased heat 
output) Some of the fluid passes by unknown means into the lymphatics 
and so leaves the active organ , some accumulates in the tissue spaces 
In the case of muscle, tissue fluid formation is on a smaller scale , the 
excess fluid can neither escape in the lymphatics or remain m the muscle. 
In muscular activity the weight of the muscle may increase by 20% , this 
swelling of the muscle may be m part responsible for the stiffness which 
follows severe exertion The greatly enhanced rate of tissue fluid formation 
supplies the active organ with more nutrients and other materials (including 
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water) necessary for the formation of the secretion or for the carrying out of the 
specific function of the organ But it should be remembered that the nutrients 
could have been provided by simple diffusion owing to a difference of concen- 
tration of the nutrient on the two sides, without any escape of fluid, as is the 
case when 0 2 is supplied to an active tissue During tissue activity when, 
possibly, no fluid passes back into the blood, the metabohtes which are formed 
m the tissues gradually diffuse away into the blood owing to difference of 
concentration and are thus removed 

The factors concerned in this greatly enhanced tissue fluid formation are 

( 1 ) changes in the circulation and (n) release of metabolites 

Vascular Changes — (1) Blood jloiv — The blood flow through an active 
organ is greatly increased owing (i) to local arteriolar dilatation , this is 
mainly due to the liberation m the organ of vasodilator products of activity 
(“ metabohtes,” infra ) , sometimes it is due to the action of vasodilator 
nerves Thus the chorda tympani nerve is not only secretory to the sub- 
maxillary gland but is also specifically vasodilator (p 316) , (n) to diversion 
of a larger proportion of the cardiac output to the active region In muscular 
exercise not only is the cardiac output greatly increased but most of it is 
sent to the active muscles (p 433) The magnitude of the blood supply sets 
an upper limit to the volume of tissue fluid which can be formed 

(2) Increased Aitenolar Piesswe — Owing to arteriolar dilatation there 
is reduced frictional resistance and the arterial pressure is transferred 
from the proximal to the distal end of the arteriole with less loss of 
pressure 

(3) Capillanj Changes — Owing to the action of metabohtes and local rise 
of temperature (p 320) the capillaries m the active region become widely 
dilated and many capillaries previously closed open up , the capillary mem- 
brane becomes thmnei and more permeable permitting more rapid transfers 
across it As the blood pressure is transmitted with less loss through the 
arterioles, the capillary blood pressure rises , as the capillaries are also 
dilated there is less local frictional resistance , consequently the pressure 
at the venous end of the capillary corresponds more closely to that at the 
arterial end It is quite hkely that throughout the length of the capillaiy 
the blood pressure may exceed the opposing protein osmotic pressure , if 
this is so, this factor alone would lead to a continuous outflow of fluid with 
no possibility of its return into the capillaries 

Role of Metabolites — During activity, laige non-osmotic molecules 
of the resting organ break down into numerous small molecules, which pass 
into the tissue spaces These metabohtes diffuse slowly into the blood and 
remain in considerable concentration m the tissue spaces for a long period 
Such metabohtes as are osmotically active attract fluid from the blood and 
retain it The dissolved crystalloids of the blood, which can pass very readily 
through membranes, diffuse through into the tissue spaces at the same time 
as the water is being “ pulled ” there, i e protem-free plasma passes out 
Very little is known about the metabolic changes taking place m active 
glands , m the case of muscle, however, a substantial rise of osmotic pressure 
undoubtedly does take place during activity (p 430, footnote) 

It is worth emphasizing that exudation of fluid from the blood vessels is 
svnchronous with, and due to, the functional activity of the organ , for the 
products of activity (metabohtes), not only raise the osmotic pressure m 
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the tissue spaces but are largely responsible for the arteriolar and capillary 
dilatation as well (pp 317, 320) 

Removal of Tissue Fluid — During the period of activity, the tissue 
&uid which is formed is (l) retained m the tissue spaces or (n) escapes into 
the lymphatics (this may be the purpose of the lymphatics m the normal 
body m the absence of infection) , (m) m the case of glands rt is mainly 
poured out m the external secretion When the tissue comes finally to rest 
the metabolites either diffuse into the blood or are oxidized, and thus the 
osmotic pressure of the tissue spaces falls The arterioles and capillaries 
become narrowed again The excess fluid in the tissue spaces is absorbed 
mainly into the blood vessels, and possibly also into the lymphatics As the 
lymphatics are a closed system of channels peripherally, no fluid can enter 
them directly, but must first pass through the endothelial lining We do 
not know how this transfer is accomplished 

In the above discussion attention has been directed mainly to the exchanges 
between plasma and tissue (interstitial) fluid The exchanges between extra- 
cellular and intracellular fluid are considered on pp 55-68 

Plasma-Tissue Fluid Exchanges after Injection of Hypotonic 
or Hypertonic Saline — See pp 126, 127 

Tissue Fluid and Plasma Volume Regulation — See p 80 
Removal of Fluid from Serous Cavities and Subcutaneous Tissues 
— If isotonic saline is mtroduced into a serous cavity it is absorbed very 
rapidly In the case of the pleural cavity, ligature of the thoracic and right 
lymphatic ducts does not affect the rate of absorption of saline, proving 
that the fluid is passing chiefly into the blood If a dyestuff, e g indigo blue 
dissolved m saline, is injected into the pleural cavity, it appears m the urine 
m 5 minutes, and m the thoracic duct after only half an hour has elapsed 
Absorption into the lymphatics therefore does occur, but is relatively un- 
important and slow 

Blood which has effused into a serous cavity may also be slowly absorbed 
It is assumed that the proteins of the effusion undergo autolysis and subse- 
quent removal, or are ingested by phagocytic cells The protem-free plasma 
is then absorbed 


FUNCTIONS AND STRUCTURE OF THE KIDNEY 
SECRETION OF URINE 1 

Functions of the Kidney — 1 By secreting the urine the kidney carries 
out many essential functions 

(1) The ladney regulates the volume of the ^body-fluids , more specifically 
it maintains the constancy of the volume of the extracellular fluids, with 
special emphasis on the volume of the plasma Water is, of course, lost by 
other channels , m the case of the skm, the volume of water lost as sweat 

1 Gamble, Extracellular Fluid, Harvard University Press, 1949 Homer Smith, 
Kidney Structure and Function, London and New York, 1951 , Studies m Physiology of the 
Kidney (Porter Lectures), University of Kansas, 1939 Bull N Y Acad Med , 1947, 23, 
177 Technique of Renal Clearance, see Smith et al , J elm Investig , 1938, 17, 263 , 
Goldring et al , ibid , 1940, 19, 739 For review of renal function m early hfe, see McCance 
Physiol Rev , 1948, 2S, 331 
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is adjusted m relation to the “ needs ” of body temperature The volume 
of the urine, however, is specifically adjusted to the “ needs ” of water balance 

(2) (i) The kidney is the only significant route by which inorganic ions 
both cations (e g Na+, K+) or anions (e g Cl', phosphate, SO/') are eliminated 
from the body By adjusting the relative excretion of water and of the 
individual ions, both the total crystalloid osmotic pressure and the ionic 
pattern ( i e the concentration of individual ions, notably Na+, Cl', HCO/) of 
the extracellular fluids, including the plasma, are kept within normal limits 
If there is a “ conflict ” between the regulation of the volume of the extra- 
cellular fluids and the regulation of the total crystalloid osmotic pressure, 
the latter takes precedence over the former, i e crystalloid osmotic pressure 
is maintained in spite of deviations m the volume of body water 

(n) The kidney also helps to preserve the appropriate plasma concentra- 
tion of crystalloid now-electrolytes, of which qlucose and ui ea are the most 
important 

(3) (i) Among the ions, but so important as to demand special mention, 
are the H+ and OH' ions, the relative concentration of which determines 
the acidity or alkalinity of the blood and body fluids generally Kegulation 
of the H + ion concentration of the plasma depends on (a) pkysicomhemical 
reactions tp 91) , ~(h) vital reactions (p 94) One of the vital reactions, 
i e the adjustment in the pulmonary ventilation, helps to preserve the con- 
stancy of the H + ion concentration by varying the volume of C0 2 which is 
eliminated , but the lungs can only deal with a volatile substance like C0 2 
The elimination of appropriate amounts of non-volatile acid and basic radicals 
can be carried out only m the urine Electrolytes must be excreted m the 
urine m such amounts as to maintain not only the correct total crystalloid 
osmotic pressure of the body fluids as mentioned m (2) above, but also the 
proper level of H+ ion concentration Sometimes the “ needs ” of H + ion 
concentration may be sacrificed m the “ interests ” of total crystalloid 
osmotic pressure 

(u) The kidney also preserves H + ion concen tration by manufacturing NH 3 
which neutralizes the acid radicals of the blood, the resulting NH 4 salt being 
excreted m the urine 

(4) The kidney is the only route of elimination _ of .the waste products, 
especially the nitrogen- and sulphur-containing substances derived from the 
metabolism of ingested protein or resulting from normal or abnormal cellular 
metabolism The kidney likewise eliminates toxic substances {eg drugs) 
which have entered the body 

From what has been said above it is clear that the kidney is the out- 
standing “ guardian,” both with respect to sensitivity and scope, of the 
constancy of the milieu interieur Failuie of renal activity results in many 
changes alterations m the total crystalloid osmotic pressure or the concentra- 
tion of individual ions (including H+ ions) in the plasma and interstitial fluids , 
alterations in the concentration in the body fluids of useful non-electrolytes 
kke glucose, or of waste products like urea , alterations m the volume of the 
plasma and of the total extracellular fluid Increased permeabihty of the 
membranes m Bowman’s capsule may lead to loss m the urine of plasma 

protein or even of blood , , , . 

2 The kidney also has certain functions which are uni elated to the secretion 

of urine 



STRUCTURE OF THE KIDNEY 


23 


(1) The renal cortex forms a proteolytic enzyme known as rerun whic h' 
is discharged into the general circulation , it acts on a plasma globulin called 
hypertensmogen to form a polypeptide called hypertensm which powerfully 
constricts peripheral blood vessels giving rise to hypertension The stimulus 
to the discharge of remn is a decrease m renal artery pressure or renal blood- 
flow Benin is probably secreted when the blood pressure falls , by increasing 
the peripheral resistance it may help to maintain normal arterial blood 
pressure In conditions of renal ischcemia excess remn is liberated giving 
rise to marked sustained hypertension (so-called ischaemic hypertension (cf 
p 345)) As remn is an internal secretion, the kidney may, somewhat sur- 
prisingly, also be regarded as an endocrine organ 

(2) The renal tubular epithelium carries out certain chemical transforma- 
tious 

(i) It forms NH 3 (p 97) U - 

(h) It hydrolyzes organic hexose-phosphate by means of the enzyme 
phosphatase to liberate inorganic phosphate (p 1002) , some of the phosphate 
eliminated m the urine may come from this source and not directly from 
the plasma phosphate Urmary phosphate may also be derived from the 
organic phosphate m tissue cells (p 95) 

(m) It carries out detoxicating reactions, eg it combines the benzoic 
acid of the blood with glycine (available locally) to form hippunc acid 
(p 830) 

Structure of the Kidney — The functional umt of the kidney is the 
nephron which consists of Bowman’s capsule and the renal tubule proper 
(Fig 7) Each human kidney contains one million nephrons which 
dram via the collecting tubules mto the renal pelvis and thence into 
the ureter 

(1) Bowman’s capsule is mvagmated by a tuft of capillary vessels, the 
glomerulus , capsule and glomerulus together constitute the Malpighian 
{renal) corpuscle The capsule is lined by a very thin epithelium The struc- 
ture of the Malpighian corpuscle is well adapted to its function which is 
to filter out a cell-free fluid from the blood identical m composition with 
the plasma, except for the proteins (and other colloids) which do not pass 
through 

(2) The renal tubule consists of three segments , the histological differ- 
ences to be described are related to functional differentiation 

(l) The proximal tubule (including the first convoluted tubule) is lined 
by a cubical epithekum , the free external border of the cells contains many 
mitochondria arranged m parallel vertical columns producing a striated 
appearance (brush border) 

(u) Thin segment (of the loop of Henle) the cells are flattened and 
contain clear protoplasm and the lumen is narrower than anywhere else m 
the tubule 

(m) In the distal tubule (including the second convoluted tubule) the 
lining cells are cuboidal and contain granular basal stnations but no definite 
brush border 

(3) The collecting tubules are lined by clear cubical cells , they lead mto 
the larger ducts of Bellini (lined by clear columnar cells) winch open at the 
apex of the pyramids 

The loops of Henle, the collecting tubules, and the ducts of Bellini he 
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wtl medu l la ° f tlle klduey * the otker P arts of tIle tubule are found in the 



b'ta 1 — Arrangement and Structure of the Nephron (Homer Smith, Physiology 

of the Kidney, 1937 ) 


the length of the human renal tubule is about 3 cm , the diameter is 20-60 p 
As there are about 2 million nephrons, their total length is about 40 
miles 

Renal Circulation *—■ The blood flow through the kidney (as through the 
1 Trueta et dl , Penal Circulation, Oxford, 1947 
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other organs) depends on the cardiac output, the general arterial blood pressure 
level, and the calibre of the local arterioles and capillaries The distinctive 
features of the renal circulation are 

( 1 ) The enormous size of the tenal blood flow, about 1300 c c per minute 
in man Although the kidneys are only 0 45% of the body weight, they receive 
about 25% of the resting cardiac output The renal blood flow is not related 
to its respiratory needs but to its function of forming urme 

(u) The double capillary networh (a) The glomeruli m the Malpighian 
corpuscles , (b) the capillaries on the surface of the renal tubules 
(in) The presence of a shunt 

mechanism which enables the blood ! I 


flow to the renal cortex to be reduced, 
the blood then being diverted to the 
renal medulla (p 26) 

Blood Supply op Renal Cortex 
The renal artery divides into branches 
which run between the pyramids to 
the “ boundary zone ” between the 
cortex and the medulla, where they 
are umted by a series of arterial at ches 
with their convexity directed out- 
wards From'’ these arches, parallel 
cortical or 'interlobular arteries arise 
which run towards the surface of the 
kidney (Fig 9) At intervals they 
give off the afferent vessels each of 
which breaks up into a capillary tuft, 
the glomerulus, whence emerges the 
efferent vessel which breaks up into 
a capillary net over the surface of the 
convoluted tubules , the blood drams 
into venules and so enters the inter- 
lobular veins These pass into the 
venous arches which he m the con- 
cavity of the arterial arches The 
efferent vessels of these glomeruli 
are narrower than the afferent 
vessels 



OSMOTIC PRESSURE OF 
PLASMA PROTEINS 


Fig 8 — Glomerular Pressure as influenced 
by Relative Calibre of Afferent and 
Efferent Glomerular Vessels (Homer 
Smith, Physiology of the Kidney, 1937 ) 

If the afferent vessel is constricted the glomerular 
pressure is markedly diminished (A) , if the 
efferent vessel is constricted the pressure is 
raised m the glomerulus (B) and falls steeply on 
reaching the tubular capillaries 
Height of arrows =net filtering force (p 27) 


Glomerular Blood Pressure —The level of blood pressure m the 
g omerular capillaries though of great functional importance, has not been 
measured directly m mammals , indirect evidence suggests that it is normally 
rngner than the pressure m capillaries elsewhere and may sometimes equal 
e lastohc blood pressure Glomerular pressure depends not only on the 

Wfh GVe ! bl °° d P resswe but also on local conditions within the kidney 
v itn constant renal artery pressure, constriction of the afferent vessels of 
, S l °meruh interposes an additional frictional resistance with resulting fall 
_i e ^i° meru a 5 P ressure (Fig 8, A) , conversely, constriction of the efferent 
” u , ar vesse \ s d a ms up the blood proximally so that glomerular pressure 
approaches that m the renal arteries (Fig 8, B) A rise m the filtration 
(p 27) m man is interpreted as representing raised glomerular 




RENAL SHUNTS 


fJTwi ™ AS fP la \ ne J b £ Iow > “ conditions of cortical ischaemia the pressure 
m the glomeruli and the blood flow through them is markedly reduced 
Bl°°d Supply of the Medulla — The glomeruli related to afferent 
vessels which spring from the interlobular artery close to its origin from the 
arterial arch (or occasionally from the arch itself), are known as juxta-medulkru 
glomeruli, and have special characteristics (Fig 9) Their efferent vessels 
are wide and may even exceed the afferent vessels m calibre Each efferent 
vessel breaks up into a number of parallel " arterial ” vessels, msa recta 
which run as a bundle into the medulla for varying distances before taking a 
hairpin bend or giving rise to a Y-braneh, to return as “ venous ” vessels to 


INTERLOBULAR 



reft hand Fig normal circulation 

C G =cortical glomerulus, Cap = capillaries round convoluted tubules, J M G --juvta medullary 
glomerulus Its efferent vessel breaks up into vasa recta which piss into the medulla 
Right hand Fig spasm of interlobular artery just distal to juxta medullary glomerulus Note resulting 
cortical lsclrcmia and shunting of blood via ju\ta medullary glomeruli into the medulla 


the venous arches The vasa recta give off fine capillaries to the adjacent 
tubular tissue in the medulla The vasa recta have a thin endothelium, like 
capillaries, but they are, of course, of great length and of much wider calibre 
than capillaries Vasa recta may also arise directly from the arterial arches 
Renal Shunts Cortical Ischemia —In a variety of experimental 
conditions the interlobular arteries just beyond the point of origin of the juxta- 
medullary glomeruli undergo constriction , as a result the blood flow to the 
cortex, and thus to the cortical glomeruli and related convoluted tubules, is 
almost completely cut off The flow of urine is decreased or stopped If the 
calibre of the other renal vessels and the general blood pressure are unaltered, 
the total renal blood flow is unaffected , but the blood which is excluded from 
the cortex is diverted via the juxta-medullary glomeruli and the vasa recta 
into the medulla (Fig 9) The cortex is then pale and the medulla deeply 
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engorged with blood , as the diverted blood flow has not come mto contact 
with the mam mass of the nephrons and has, therefore, not given up its 
oxygen there, the venous blood is more arterial m colour than normally 
If the cortical ischaemia is accompanied by constriction of the larger renal 
vessels or by a diminished renal blood flow from other causes the “ shunt ” 
will transfer less blood through the medullary vasa recta 

Localized cortical ischcenna with diversion of the blood flow to the medulla 
has been demonstrated m rabbits ( 1 ) during stimulation of the peripheral 
end of the splanchnic or renal nerves , ( 11 ) reflexly from nocuous stimulation, 
e g crus hing a lim b , (m) m rapid haemorrhage It is claimed that cortical 
ischaemia may be a factor m producing the anuria observed clinically ( 1 ) m 
emotional states, (n) after operations on the urinary tract, (m) after mis- 
matched blood transfusions (cf p 182) 1 Prolonged severe cortical ischaemia 
may give rise to cortical necrosis 

Nerve Supply — The sympathetic nerve supply of the kidney (p 711) 
does not act directly on the nephrons , it modifies renal activity only by 
altering the local blood flow 

Mechanism of Renal Secretion — An account will first be given of the 
probable course of events m the mammalian kidney , quantitative data 
quoted apply to man unless otherwise stated The evidence for the various 
statements made will be set out subsequently (p 31) 

Glomerular Filtration — About 1300 c c of blood (700 c c of plasma, 
600 c c of cells) flow through the kidneys per minute , m the glomeruli, 
where the blood pressure is comparatively high, 120 c c of fluid are filtered 
off per minute from the 700 c c of plasma and passed into Bowman’s capsule 
The glomerular filtrate is identical m composition with the plasma but con- 
taing _no prote in (or other colloids) The ratio of the volume of glomerular 
filtrate/plasma flow is called the filtration fi action , m the example given it 
is 120/700=0 17 In 24 hours the total volume of glomerular filtrate is 
170 litres 

The mechamsm of glomerular filtration is like that responsible for tissue- 
fluid formation (p 18) The glomerular blood pressure (say 75 mm Hg) 
constitutes a filtering force dnvmg fluid out of the blood vessels into Bow- 
man’s capsule , it is opposed by the osmotic pressure of the plasma proteins 
(=25 mm Hg) which tends to hold water m the blood vessels The net 
filtering foice is the glomerular blood pressure minus the plasma protein 
osmotic pressure (e g 75—25=50 mm Hg) The volume of glomerular 
filtrate depends on several factors (l) directly on the magnitude of the 
net filtering force, i e it is increased by a rise m glomerular pressure or by 
a fall m plasma protein osmotic pressure , (n) within certain limits, at con- 
stant filtering force, the volume of glomerular filtrate varies directly with 
the renal blood flow (ui) The hydrostatic pressure m Bowman’s capsule 
is normally zero {i e atmospheric pressure) Should it rise, eg as a result of 
obstruction to the outflow of urine, it resists the passage of fluid from the 
glomeruli , marked capsular distension from chronic uretenc obstruction 
may even lead to partial obliteration of the glomeruli 

In disease the renal blood flow and the number of functionmg glomeruli 
may be markedly reduced , there is a close correlation between such reduction 
and the degree of resulting renal inefficiency 

1 For critical review see Homer Smith et al , Amer J Med , 1950, 9, 216 
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REABSORPTION IN THE TUBULES 

The permeabihty of the filtering membranes (i e the glomerular endo- 
thelium plus the capsular epithelium) is increased m many abnormal condi- 
tions, eg by an inadequate blood supply (as m circulatory failure), anoxia, 
or by various toxic agents including certain drugs and bacterial poisons 
The normal epithelia retain serum globulin (mol wt 1 170,000) and serum 
albumin (mol wt <0,000), but they let through substances of smaller molecular 
weight, e g injected hemoglobin (mol wt 68,000), egg albumin, Bence-Jones 5 
protein or gelatin (mol wt 35,000) In renal disease, the membrane per- 
meability usually increases serum albumin is the first to escape and appears 
mjje ume ( albuminuna ) , more rarely and later serum globulin may also 
pass through With graver injury to the Malpighian corpuscles both red 
and white cells may pass through or obvious hcemonhage may take place 
An abnormal state of the renal capillaries is probably responsible for the 
hmmaturia of scurvy (p 1042) and purpura (p 157) 

Reabsorption in the Tubules — The crystalloid composition oi the 
glomerular filtrate is identical with that of the plasma If the volume of 
glomerular filtrate is also known, the absolute amount of each plasma con- 
stituent filtered out (say m 24 horns) can be readily calculated The urine 
for the same period can be collected and analysed A comparison of glomer- 
ular filtrate and urine demonstrates that the glomerular filtrate is profoundly 
modified during its passage down the renal tubules (cf Table, infra, which 
should be carefully studied) 

Concentra 

Concentra- Total in turn in 

tion m 170 L of Total Total mg per Relative 

100 cc of Glomerular excreted m reabsorbed 100 cc of concentration 
Constituent Plasma Filtrate 24 hr Urine m Tubules Urine Urine/ Plasma 


Water 


170 L 

15 L 

168 5 L 



Proteins] 







Colloids j- 

8g 

none 

none 

none 

none 


Fats j 







Glucose 

100 mg 

170 g 

none 

170 g 

none 


Hccy 

150 

255 

none 

255 

none 


Nad- 

330 

560 

5 g 

555 

350 

I 

Cr 

365 

620 

9 

611 

600 

2 

Ca-H- 

10 

17 

02 

16 8 

15 

15 

K+ 

17 

29 

22 

26 8 

150 

9 

Phosphate 







(as P) 

3 

5 1 

1 2 

39 

150 

50 

Uric Acid 

2 

34 

0 75 

2 65 

50 

25 

Urea 

30 

51 

30 

21 

2000 

70 

SO/ (as S) 

2 

34 

27 

07 

180 

90 

Creatinine 


(data excluded owing to uncertainty ) 



Of 170 btres of water filtered out m the glomeruli, 168 5 litres are re- 
absorbed Glucose is reabsorbed completely and bicarbonate at the normal 
acid reaction of the urine almost completely (but when an allahne mine is 
passed large amounts of bicarbonate may be excreted (p 96)) N a+, Ci 
and Ca ++ are reabsorbed very extensively (only 1-2% of the amount filtered 

1 Mol wt —molecular weight 
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is excreted) , m the case of K>, 8% of the amount filtered is excreted , m 
the case of uric acid this fraction is about 20% In the case of phosphate and 
urea the fractions excreted are 25% and 60% respectively There is contro- 
versy about the concentration of S0 4 " and creatinine in the plasma , if the 
data set out in the Table are reliable, about 80% of the S0 4 " filtered is 
excreted 

Substances which are absorbed completely or very extensively are called 
threshold substances , they are valuable plasma constituents which are 
absorbed m amounts sufficient to maintain their optimum concentration m 
the plasma ' Substances which escape extensively and which are known to 
be waste substances ( e g urea, sulphate, creatinine, and to a less extent uric 
acid) are called no-theshold (or low threshold) substances As will be ex- 
plained below the valuable threshold substances are probably actively re- 
absorbed , the fraction of the low threshold waste substances which returns 
to the blood does so by a passive process called back-diffusion (p 31) 

The last column m the Table compares the concentration of the con- 
stituents m urine and plasma The threshold substances, because they are 
largely passed back into the blood are concentrated to a small extent m the 
urme The no-threshold substances which return to the blood on a smaller 
scale are concentrated to a correspondingly higher degree 

It is quite clear from the above data that the fundamental process which 
takes place m the renal tubules is reabsoiption, i e the transfer of water and 
many dissolved ’substances from the lumen of the tubules back into the blood 
In the case of water and the threshold substances this process of absorption 
is selective and is varied according to bodily needs It is likely that specific 
mechanisms are concerned with the reabsorption of each substance or group 
of substances For example, the reabsorption of water is largely dependent 
on the action of the post-pituitary antidiuretic hormone (p 49) , adrenal 
corticoids increase the reabsorption of Na+ and Cl' ions (p 945) , the re- 
absorption of glucose is arrested by phloridzm (p 32) Experimentally, if 
the tubular epithelium is paralysed by cyanide or by low temperatures all 
active reabsorption ceases, proving that it is a vital process depending on the 
specific properties of the living epithehal cells (cf p 9) 

U unary Specific Giamty and Osmolanty — The Table below shows the 
approximate relationship between the concentration of total solutes in the 
urme expressed as osmoles/L and its specific giavity (which is the easiest 
and one of the most useful bedside determinations) 

Sp Gr 1 1005 1007 1010 1015 1020 1025 1030 1035 1040 

Osmoles/L 02 03 04 06 08 10 12 14 16 

[Note that each mcrement of 0 2 osmoles/L represents an increase of 5 
m sp gr The concentration of glomerular filtrate— 0 3 osmoles/L ] 

If the specific gravity of a urme is known the total solute output can be 
calculated approximately in osmoles (or milliosmoles) 

Example Sp gr of urme— 1020 , this is equivalent to 0 8 osmoles/L 
Daily output of urme=1200 c c 

Total solute output m 24 hr =0 8x1 2=0 96 osmoles=960 milli- 
osmoles 

1 Sp Gr 1005, etc , is compared with water which is 1000 If Sp Gr of water is 
taken as 1 000 then Sp Gr 1005 is equivalent to 1 005 
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VOLUME OBLIGATOIRE 


Osmotic Work op Tubules Volume Obligatoire —The osmotic 
pressure of urme varies widely , m some conditions, e g a fter water dri nking 
it is more dilute than plasma, but generally it is more concentrated The 
average maximal urinary concentration is 1 4 osmoles/L (plasma=0 3) The 
tubular epithelium consequently generally performs osmotic work to return 
water to the blood agamst the osmotic resistance of the concentrated urme 
The urine cannot, however, be concentrated beyond the point at which its 
osmotic' pressure just balances the* absorbing power of the renaHTells/t e an 
osmotic pressure corresponding to a concentration of about 1 4 osmoles/L) 
The solutes of the urine therefore demand a certain minimum volume of water 
for their excretion ( volume obligatoire) 

If the amount of solute is known, the minimal urinary volume m which 
the solute can be excreted can be calculated Assume as in the example 
given above that 960 milliosmoles are to be excreted At maximal urinary 
concentration, 1400 milliosmoles of solute “ demand ” 1000 c c of urme for 
their excretion ( i e to give a concentration of 1 4 osmoles/L) 

960 milliosmoles “ demand ” 960=680 c c of urine 

1400 J 

The Table below shows the volume obligatoire on different diets (yielding 
different amounts of solutes to be excreted) when urme of different specific 
gravities is passed 


Diet 

Solutes to be 
excreted m 

24 hours (m 
milliosmoles) 

Volume Obligatoire incc 

Sp Gr 1015 

0 6 Osmoles/L 

Sp Gr 1020 

0 8 Osmoles/L 

Sp Gr 1035 

1 4 Osmoles/L 
(maximal 
concentration) 

Usual mixed food 
mtake 

1200 

2000 

1500 

850 

Fasting 

800 

1300 

1000 

550 

Fasting and 100 g 
of glucose 

400 

700 

500 

300 

Fasting or a mini- 
mal protein in- 
take plus enough 
glucose to meet 
full caloric re 
quirements 

200 

350 

250 

150 


When plenty of water is available for excretion a larger volume of more 
dilute urme is passed, i e a urme of lower osmolanty (lower concentration) 
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involving less osmotic work m absorbing water in tbe tubules When water 
is scarce tbe urine is excreted with maximal osmolarity with corresponding 
ma xima l osmotic work in the tubules An early sign of renal failure is impair- 
ment of water reabsorption on a standard water intake a fixed amount of 
solutes is excreted at lower osmolarity (t e lower sp gr urine) and in a larger 
volume of urine than is the case with normal people 

Reabsorption of water is only dependent m part on the antidiuretic 
hormone Thus in the complete absence of this hormone urine is passed at 
' the rate of 30-40 L per day, ze out of 170 L of glomerular filtrate 130 L of 
water (or more) are still reabsorbed (p 51) 

Back-diffusion Forward-diffusion — As the osmolarity of the urme 
rises the concentration of many of the individual constituents m the urme 
greatly exceeds that in the plasma , there is a tendency for the constituents 
to diffuse back ( passively ) into the blood , the tubular epithelium must do 
work to limit this back-diffusion There is thus a limit to the concentration 
that may be attamed by any individual constituent m the urme , for this 
reason the urea concentration in the urme rarely exceeds 4% (100-200 times 
as great as the plasma urea concentration) 

Generally the concentration of Na + and CT m the urme is less than m 
plasma , m dilute urme it is very much less The tubular epithelium must 
then do work to prevent forward diffusion of Na + and CF from the plasma 
into the lumen of the tubule 

Tubular Excretion — The tubular epithelium can also actively transfer 
substances from the blood into the lumen of the tubules and so eliminate 
them from the body This process is called tubulai excretion (or by an old 
convention, tubular secretion) In mammals none of the normal plasma 
constituents are so excreted (with the doubtful exception of endogenous 
creatinine) Certam artificially introduced substances are, however, eliminated 
in this way Injected (exogenous) creatinine and dyestuffs like diodrast 
(diodone) and other organic iodine compounds are among the most important 
substances so treated (p 37) 

Evidence for Mechanism of Renal Secretion — The evidence for the 
account of renal secretion given above will now be briefly summarized 
Evidence for Composition of Glomerular Filtrate — (i) In amphibia 
exammation of the fluid m Bowman’s capsule collected by direct puncture 
shows that it- is identical in composition with the plasma in respect of 
crystalloid osmotic pressure, electrical conductivity, alkalinity, and concen- 
tration of urea, glucose, inorganic phosphate, creatinine, uric acid, and 
chloride , the volume of capsular fluid (directly measured) is well above the 
volume of urme excreted in the same period of time The capsular fluid m 
amphibia is thus proved to be a simple filtrate, as assumed on p 27 

(n) Similar experiments m mammals are far more difficult to perform as 
the Malpighian corpuscles are placed deep to the renal surface and are covered 
by loops of proximal tubule A few successful experiments have been per- 
formed m rats and guinea-pigs , the capsular fluid collected by direct puncture 
was found to be protein (and colloid) free but was otherwise identical in 
composition with the plasma The rate of glomerular filtration (determined 
directly) was 0 38-1 12 c mm per glomerulus per hour It is interesting 
to note that the human glomerular filtration rate of 120 c c per minute is 
equivalent to a flow of 4 3 c mm per glomerulus per hour 
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Evidence for Tubular Reabsorption — ( 1 ) In amphibia tlie course of 
tubular reabsorption can be followed by collecting fluid from different points 
along the course of the renal tubule In this way it can be shown that 
(a) ^^fcoseis^bsorbedjn^tbe proximaLtubule , ( b ) clilonde is absorbed in the 
chstal tubule , (c) acidification takes place in a short length of the distal tubule , 
(d) after poisoning with phlo? idzm, glucose reabsorption ceases and the glucose 
concentration m the proximal^ tubule rises, proving that water is reabsorbed 
there 

(n) In mammals it is comparatively easy to puncture the proximal tubule, 



Fig 10 — Direct Inspection of Living Mammalian Nephron 

Surface vie" of guinea pig kidney The rounded interruption of the tubule pattern at 12 o clock is a 
glomerulus Indian ink has been injected into a single tubule segment and has filled 3 coils of a 
proximal convolution shown at 7 o clock Other tubules visible are also probably proximal tubules 
(Walker and Oliver, Amer J Physiol , 1941, 134 ) 

commonly m its middle third (Fig 10) , very occasionally the distal tubule 
is struck Following such an experiment, by an unbelievably skilful technique 
the entire nephron is dissected out, the exact point of puncture determined 
and measured off m relation to the entire nephron The results are illustrated 
m Figs 11, 12) 

(a) Glucose is reabsorbed m the proximal tubule , the absolute amount 
absorbed increases (up to a maximal level) as the plasma glucose concentration 
is raised Phlondzm paralyses glucose absorption (Fig 11) 

(b) Water —Following phlondzm poisoning the glucose concentration 
half-way along the proximal tubule rises to threefold (which is about as far 
as the process can be traced) (Fig 11) , probably about 80% of the filtered 
fluid is reabsorbed m the proximal tubule 
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(c) Creatinine — Creatinine is neither absorbed nor secreted m the proximal 
tubule , its concentration rises to the same extent as does that of glucose 
after treatment with phlondzm (Fig 
centration m the tubular fluid 
is thus a measure of water 
absorption 

(d) Chloride — The chloride 
concentration m the first half of 
the proximal tubule normally 
rises only by Xl 5 (and not 
X 3, like creatinine) This proves 
that partial chloride absorption 
takes place here In the rat the 
urinary chloride concentration 
may be lower than that of 
plasma , this proves that the 
more distal parts of the nephron 
are mainly responsible for chloride 
absorption (Fig 12) 

(e) Reaction — The reaction 
becomes more acid owing to 
reabsorption of NaHC0 3 , further 
acidification occurs in the distal 
tubule (pp 94, 96) 

(/) Osmotic Pressure — The 
osmotic pressure remains un- 
changed throughout the proximal 
tubule , this means, of course, 
that the fluid absorbed has the 
same osmotic pressure as the 
glomerular filtrate As both 
chloride and creatinine concentra- 
tion rise m the proximal tubule 
and the Na+ concentration is 
unaltered, the fluid which is 
absorbed, though isosmotic with 
the glomerular filtrate, is of differ- 
ent composition {i e it contains 
less chloride and more Na+ prob- 
ably as NaHCCy, thus acidi- 
fying the fluid As the osmotic 
pressure of the urine may be 
substantially higher than that 
of the fluid m the proximal 
tubule, further absorption of water must occur m the distal tubule (Fig 12) 

Evidence foe Tubular Excretion — (i) As explained on p 37, the 
high plasma clearance values obtained m man for diodrast (700 c c ) prove 
that it is largely excreted by the renal tubules 

(n) In the case of the creatinine normally present in the plasma the 
inadequate data available suggest that it is eliminated wholly by glomerulaT 
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Fio 11 — Absorption of Glucose and Water m 
the Renal Tubules (Redrawn from 
Walker et al , Amer J Physiol , 1941, 
134, 587 ) 

Experiments on gumea-pigs and rats 
Ordmate concentration ratios between the fluid 
collected (by direct puncture) from Bowman s 
capsule or the proximal tubule, and plasma 
1 0 means that the fluid and the plasma have the 
same concentration 
Circles glucose m normal animal 
Blacl Squares , glucose after poisoning with phlondzm 
Black triangles , creatinine , the results are the same 
before and after phlondzin 

Note that normally glucose is almost completely 
absorbed in the proximal tubule 
After phloridzm, glucose and CTeatimne are con- 
centrated equall> owing to absorption of water m 
the proximal tubule 

25%, 50%, 75% represent points one quarter, half, and 
three quarters the distance along the proximal 
tubule 
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filtration If tlie blood creatinine is raised in man by intravenous injection 
of (exogenous) creatinine, the resulting creatinine ' clearance value may 
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t’lQ 12 — Changes in Sodium and Chloride Concentrations and in Total Osmotic 
Pressure as Glomerular Filtrate passes along Renal Tubule (Walker el al , 
Amer J Physiol, 1941, 134) 

Circles — Chloride , Crosses — Sodium , Triangles = Osmotic pressure 

Vertical aru left hand column, l/r^ concentration ratio of tubular fluid/piasmu Right hand 
coulmn, V fP=* concentration ratio unne/plasmi 25%, 60%, 75% represent points one 

quarter half nay and three quarters the naj along the proximal tubule 
No change m osmotic pressure or in Na + takes place in proximal tubule in spite of absorption of 
v.ater (Nig 11), there is an increase in Cl' concentration (indicating absorption of isosmotic 
but Cl poor fluid, containing perhaps excess of NaHC 0,) The further absorption of chloride 
(shown bj the fall In Cl' concentration in spite of absorption of uatcr) and rise of osmotic 
pressure are due to the absorptire activity of the distal tubule (ef values for the ultimate 
urine) 


be 170 c c , as it then exceeds the mulin clearance value (of 120 c c ), it is 
in part excreted by the tubules 

It may be re-emphasized, however, ►that no other normal plasma constitu- 
ent is excreted by the tubules 


USE OF CLEARANCE VALUES AND OTHER SPECIAL METHODS 
IN STUDY OF RENAL ACTIVITY 


Clearance Value — The clearanc e value (C)_of a_ plasma constituent is 
the volume (in c c ) of plasma which_contams the am ount of the constituent 
which is excreted in the urine in one minute Consider the clearance value 
for "urea "(urea clearance) plasma concentration of urea (P) is 30 mg-% , 
the amount of urea excreted m the urine m one minute (U m ) is 20 mg 


, , , U m X 100 20X100 

Clearance value (m c c ) p gg — — bb c 


In other words 66 c c of plasma contain the amount of urea which is excreted 
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in. the urine in one minute The term clearance value is somewhat misleading 
because the plasma is not cleared of urea Of 700 c c of plasma which flow 
through the kidney m one minute, the volume filtered out through the 
glomeruli is only 120 c c , containing 36 mg of urea of which only 20 mg 
escape m the urine The clearance value is thus a so-called “ virtual volume ” , 
it is the result of an arithmetical calculation For all that, the determination 
of the clearance value for certain substances provides a measure of the volume 
of the glomerular filtrate and of renal efficiency 

Inulin Clearance Glomerular Filtration Rate — The soluble poly- 
saccharide mukn is filtered out from the glomeruh in the same concentration 
as in plasma , in the tubules the inulin is neither reabsorbed nor excreted 
If these statements are true then the inulin clearance value is equal to the 
volume of the glomerular filtrate 

Suppose the plasma in ulin concentration (P) is 100 mg-%, and the inulin 
excretion in the urine per minute (IJ m ) is 120 mg Then 


Clearance Value= 


u m xioo 

P 


120X100 

100 


1 

=120 c c 


i e 120 c c of plasma have been cleared of inulin 

As inulin is assumed to be neither reabsorbed nor excreted m the tubules, 


the only way m which 120 c c of 
plasma could have been cleared of 
mulin is by the filtration of 120 c c 
of (protein-free) plasma through the 
glomeruh In other words, the inulin 
clearance value (120 c c ) is, as stated 
above, the glomerular filtrate volume 
(Fig 13) 

Evidence that Inulin is Elim- 
inated SOLELY BY GLOMERULAR 
Filtration — Inulin is a soluble poly- 
saccharide with a molecular weight 
of 5000 If carefully and thoroughly 
put ified it can be injected intravenously 
without ill effect 

(i) In the frog direct exammation 
shows that the muhn concentration m 
the glomerular filtrate is identical with 
that in plasma , inulin is not excreted 
by the kidneys of aglomerular fishes 

(n) In man, alterations m the plasma 
inulin concentration ( under conditions 
of constant glomerular filtration rate) 
do not affect the muhn clearance value 
Thus, if the plasma inuhn concentra- 
tion (P) is doubled, twice the amount 
of muhn is filtered out from the 
glomeruh, and twice the amount is 
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passed out in the urine (U m ) , as P and U m rise to the 
clearance value is unaltered. 


same extent the 
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MEASUREMENT OF RENAL BLOOD FLOW 


(m) The clearance values for all substances eliminated solely by glom- 
erular filtration should be the same under constant conditions In the dog 
the clearance values for muhn, creatinine, and ferrocyamde are identical, 
proving that they are treated in the same way In view of the highly selective 
character of both tubular reabsorption and excretion, it would be most im- 
probable that three such utterly diverse compounds would have the same 
value, unless m all three cases they were excreted solely by glomerular 
filtration “ ' 

(iv) Phlondzm acts directly on the renal tubule, paralysing its power of 
reabsorbing glucose back into the blood After injection of phlondzm, 

the glucose clearance equals the 
simultaneously determined muhn 
clearance m the dog, indicating 
that both substances are treated 
in the same way (i e both are 
purely filtered) In man (after 
poisoning with phlondzm) the 
glucose/muhn clearance ratio is 
0 9, it is not unity because a 
full paralysing dose of phlondzm 
cannot be safely given, and so 
some glucose is still reabsorbed 
The value is sufficiently near umty 
however to indicate that both 
substances are eliminated under 



Fig 14 — Clearance Rates of Various Substances 
(X) (m Man) compared with that of Inulin 
under Normal Condition (left) and after 
treatment with Phlondzm (right) (Homer 
Smith, Physiology of the Kidney, 1937) 

Where the ratio X/lnuhn — 1, the substance is eliminated 
by filtration only, if the ratio is o\cr 1 , it is also 
excreted by the tubules , if the ratio is under 1 then 
reabsorption takes place in the tubules After 
phloridzin the ratio in all cases (except urea) is 
approximately unity 


these conditions purely by filtra- 
tion (Fig 14) In the phlorid- 
zinised dog, the clearance values 
for muhn, creatmine, glucose, 
xylose, sucrose, and ferrocyamde 
are identical, % e they are all 
exclusively filtered 

To determine glomerular filtra- 
tion volume m man a large initial 


dose of muhn is injected which is followed by a constant muhn infusion at 
a rate which just compensates for the loss m the urine A constant plasma 
level of muhn is maintained Under these conditions the concentration m the 
systemic venous blood is for all practical purposes the same as m the arterial 
blood The m ulin concentration in the plasma of venous blood (P) and the 
simultaneous mulin excretion per minute m the urine (U m ) are determined 


Then 


Glomerular Filtrate= 


U m X 100 c c 
P 


Measurement of Renal Blood Flow Diodrast Clearance The 
renal blood flow in ammals can be easily measured directly by various 
means It can also be determined indirectly by methods based on the Fick 
principle (as used for determining the pulmonary blood flow and conse- 
quently the cardiac output (p 278)) Let P and V represent respectively 
the concentration m mg-% of a constituent (A) in the plasma of renal arterial 
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plasma concentration (of A) -which is 


ARTERIAL 


GLOM FILTRATE 
120 cc /mm 
DIODRAST CONCN 
I mg /I0O c C 
DIODRAST 
FILTERED 
1 2mg /mm 


RENAL PLASMA FLOW 
700 cc pei* mln 
DIODRAST CONCN 


I mg per 100 c c 


i 


and renal venous blood , let U m be the output in mg of A m the urme per 
minute Thus, 

100 c c of arterial plasma arrive at the kidney with P, leave with Y, 
and lose P— V , 

p — Y is eliminated by 100 c c of renal plasma flow 

U m is eliminated by xU D cc = renal plasma flow per minute 

The term extraction rate is applied to the expression (P Y)/P, and repre 
sents the fraction of the arterial 
excreted by the kidney (cf co- 
efficient of utilization of oxygen 
(p 413)) 

This method can be employed 
in animals, using any convemently 
determinable plasma constituent 
(A) , it involves of course punc- 
ture of an artery and of the renal 
vein In man, as renal vein 
puncture is impractical, this 
method can only be used when 
the degree of extraction is constant 
and is known If the extraction 
from the plasma is complete, none 
of the substance A escapes into 
the renal venous plasma and 
V is 0 , P— Y=P— 0=P , the 
formula for renal plasma flow 

;XU m then becomes simply 


P-Y 
100 TT 
irxU, 



VENOUS 
PLASMA FLOW 
580 cc/min 
DIODRAST CONCN 
Img /100 cc 
TOTAL 

DIODRAST FLOW 
5 8 mg /mm 


NO DIODRAST 
IN RENAL 
VEIN BLOOD 


TOTAL DIODRAST 
EXCRETION 
IN URINE 
7 mg per min 

Fig 15 — Diagram of Diodrast Clearance as 
Measure of Volume of Renal Plasma 
Flow (Slome ) 


i e only arterial blood 

and urine need be analysed (As 
will be mentioned below, under 
suitable experimental conditions 
systemic venous blood can be used 
instead of arterial ) Prom a 
knowledge of the relative volume 
of plasma and corpuscles) the total renal blood flow can be readily calculated 
There is evidence that when certain dyes which are organic iodine com- 
pounds, c g diodrast (diodone), are injected into the blood to produce plasma 
concentrations not exceeding 5 mg of contained iodine (or perhaps even 
15 mg ) per 100 c c , they are completely, or almost completely, extracted from 
the blood during each passage through the kidney Let us assume a plasma 
diodrast concentration of 1 mg-% and a renal plasma flow of 700 c c per 
minute 120 c c of glomerular filtrate are formed conta inin g 1 2 mg of dio- 
drast , the remaining 580 c c of plasma reach the tubules , their contained 
58 mg of diodrast are actively excreted by the tubular epithehum from the 
blood into the lumen of the tubules In this way all the 7 mg of diodrast 
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DIODRAST CLEARANCE 


originally present in the 700 c c of renal plasma flow are cleared from the 
blood (cf Fig 15) If these statements are true, the diodrast clearance value 
is a measure of renal plasma flow 1 

The practical procedure in outline is as follows after an initial large 
injection of diodrast intravenously, its administration is kept up at a rate 
which just compensates for the loss m the urine , under these conditions 
the systemic venous concentration can be used as equivalent for all practical 
purposes to the arterial concentration, as the concentration m the blood is 
maintained at a steady level The diodrast excretion m the urine is simul- 
taneously determined P (plasma diodrast concentration) and U m (urinary 

excretion of diodrast per minute) m the formula - - .^ — being known, the 

renal plasma flow is easily calculated 

This procedure m man gives a renal plasma flow of 450-700 c c and a 
total renal blood flow of 900-1300 c c m relation to a standard surface area 
of 1 73 sq metres 

Simultaneous Determination of Inulin and Diodrast Clearance 2 — 
To clarify the foregoing discussion data are given below from an experiment 
m man in which the mulm and diodrast clearances were simultaneously 


determined (usmg the formula 


U m xl00, 
P } 


The results incidentally show 


that these clearances are unaffected by changes in the volume of urine flow 
[The reader is advised to work out the calculations and check the clearance 
values set out m columns (7) and (8) ] 


Time after 
beginning of 
experiment 
(minutes) 

Urine Volume 
c c per 
minute 

Inulin 

Diodrast Iodine 

Clearance Value 
mcc 

Plasma 

mg-% 

Urine 

mg-% 

Plasma 

mg-% 


Inulin 


37 

85 

123 

1584 

0 64 

49 6 

109 

658 

47 

57 

122 

2235 

0 60 

67 4 

105 

641 

56 

36 

123 

3530 

0 58 

98 9 

103 

614 

84 

24 

130 

5490 

0 60 

159 0 

101 

636 


Note To calculate the clearance values, the U m for inulin and diodrast must first be 
worked out from the data in columns (2) and (4) and columns (2) and (6) respectively, 
then apply the formula U m X 100/P 


Limitations of Diodrast Method of Measuring Renal Plasma Flow 
— (i) In dogs, 10% of the arterial diodrast escapes into the renal venous 
blood , as the diodrast clearance is only 90% complete, the use of the formula 

J J m X 10 0 g lveg a va j ue f or renal plasma flow which is 10% too low Deter- 
mination of the diodrast content of the renal venous blood m man gives similar 
results In so far as the diodrast clearance method m man is inaccurate it 
gives an underestimate of renal blood flow 

1 Para amino-hippurate may be used instead of diodrast and gives similar results 

2 For simplified clinical procedures, see Olbnch el al , Lancet, 1950, u, 565 
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(u) The diodrast method measures the blood flow only to normally function- 
ing tubules If the blood is passing to non-functioning tubules they do not 
clear the diodrast and that fraction of the blood flow is not revealed If the 
blood were shunted through the medulla — thus mainly by-passing the cortex 
— it would not reach the epithelium of the convoluted tubules m the cortex 
which are responsible for secreting diodrast from the blood into the lumen 
of the tubule , here again a fictitiously low value for blood flow would be 
obtained This limitation of the diodrast technique is well shown m animal 
exper im ents on haemorrhage where the directly measured blood flow may be 
nearly twice as great as that calculated from diodrast clearance values The 
same error may occur m studies of patients with haemorrhage or shock 

As will be explained on p 40, it is possible to assess the functional state 
of the tubular epithelium by determining the maximal powers of the tubules 
to excrete diodrast (so-called tubular maximum or T m ) If the T m is below 
normal, the tubules are probably damaged and the diodrast clearance probably 
gives a correspondingly misleadingly low value for renal blood flow If the 
T m is normal the diodrast clearance is probably a fairly rebable measure of 
renal blood flow 

Urea Clearance 1 — The value for urea clearance was calculated on 
p 35 The result given there, i e 66 c c has the following meaning If the 
glomerular filtrate is 120 c c per minute and the plasma urea level is 30 
mg-%, then 36 mg of urea are filtered out per minute through the glomeruli 
into Bowman’s capsule If 20 mg of urea are excreted in the urme per minute, 
then 36—20=16 mg of urea are reabsorbed into the blood per minute 

Van Slyke’s Urea Clearance Test — According to Van Slyke normal 
values for urea clearance are partly dependent on the rate of urine flow 
(i) If the rate exceeds 2 c c per minute, the usual clearance formula 

X 100 represents the findings He calls the result the maximal urea 

clearance (C m ) and gives the normal range as 60-95 c c (mean 75 c c = 

100 %) 

(n) When the flow of urme is less than 2 c c per minute he uses the formula 

Urea % in urme x f ur inary volume per mmute __ U x Vv 
plasma urea concentration P 

The result is the standard clearance (C s ) and the normal range is 40-65 c c 
(mean 54 c c =100%) 

Whatever may be the physiological interpretation of these clearance values, 
it is claimed by Vail Slyke that urea clearance ( expressed as a percentage of the 
mean noimal values) is a reliable, if empirical, index of the functional state of 
the kidneys 

Thus, m a series of cases of kidney disease, when the C s fell to 50% there 
was no change in blood urea , with C s between 20 and 40%, m more than half 
the cases the blood urea was unaltered , only when the C 6 was below 20% 
did nearly all the cases show an elevated blood urea Similar results were 
obtained from a study of the blood creatinine , only when the C s fell below 
20% did the blood creatinine exceed the upper normal limit of 2 mg per 

lOir P Q.<n rS and Van Slyke ’ Q uant,!ahve Clinical Chemistry, Interpretation, 1, i, 2nd edn 
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100 c c When the urea clearance falls below 5% (of the normal), urromic 
symptoms are present , above 10% these symptoms are absent 

The clearance test is carried out as follows the urme is collected for 
two one-hour periods , at the end of the first, blood is collected , the volume 
of urme, its urea concentration, and the plasma urea concentration are 
determined and the appropriate calculations made 

General Significance of Clearance Values — (i) 'When a substance 
is filtered out in the glomeruli and is neither reabsorbed nor excreted m the 



tubules, its clearance value equals 
the volume of glomerular filtrate 
This is true of innlin 

(n) "When a substance is filtered 
out m the glomeruli and is reab- 
sorbed m the tubules, its clearance 
value is less than the volume of the 
glomerular filtrate, i e it is less than 
the inulin clearance value (cf urea 
clearance, p 39) The more com- 
pletely the substance is absorbed, 
the lower is its normal clearance 
value 

(m) When a substance is filtered 
out m the glomeruli and is also 
excreted by the tubules, its clear- 
ance value exceeds the glomerular 


10 plasma ,0D1NE (mg.%) 5 ° 6 ° excreted by the tubules, its clear- 

„ m . . ance value exceeds the glomerular 

Fig 16 — Maximal Tubular Excretion of c ,, , A , v t _ 

Diodrast Iodine by Kidneys m Man filtr ate and thus exceeds the mulm 
(Redrawn from White et al , Proc Soc clearance value The more exten- 
exp Biol Med , 1943, 43, 13 ) sively it is excreted m the tubules 

Diodrast expressed In terms of Its Iodine content the higher the clearance value If 


exp Biol Med , 1943, 43, 13 ) sively it is excreted m the tubules 

Diodrast expressed In terms of Its Iodine content the higher the clearance value If 

Ordinate tubular excretion of diodrast (le total r , „,7 

excretion in urine (TJm) minus amount filtered in a substance IS Completely Cleared 
glomeruli (Fm)) per standard surface area (173 f 7Qm plasma, its clearance Value 
sq m) The rate of tubular excretion of diodrast J , r > 

at first rises almost in direct proportion to rise equals the renal plasma JloW 

of plasma diodrast level , at plasma )e\el of neterminafmn of Tubular 
15-20 mg of diodrast I, maximum excretion is _ determination OI i uouiai 

reached (Tm) Tm = 50 mg /min /I 73 sq ® Excretory Power — lubular ex- 

surface area oretion, like tubular reabsorption, 

depends on the vital activity of the living epithelial cells Clinically the 

ma ximum power of the tubules to excrete foreign substances (eg diodrast) 

can be readily determined and is called the T m or tubular excretory 

maximum) Thus “ diodrast T m ” means the maximal power of the 

tubules to excrete diodrast This is determined by raising the plasma 

diodrast concentration well above the level at which complete extraction is 

possible, i e above 20 mg-% (of iodine) , the urinary diodrast excretion is 

determined (U ro ) , the amount of diodrast filtered (FJ in the glomeruli is 

calculated from the plasma diodrast concentration and the volume of glomer- 

ular filtrate (=mulm clearance value) and is deducted , then T m =U m F m 

Typical results are shown in Fig 16 In man the maximal diodrast output 

is about 50 mg (of iodine) per minute The T m value is related to the number 

of functioning tubules and their excretory efficiency , it is therefore regarded 

as an index of tubular excretory mass It is uncertain to what extent the 

T for one substance is a guide to the T m for other unrelated substances, as 



STRUCTURE OF PITUITARY GLAND 


41 


specific mechanisms may be concerned in the excretion of each substance or 
group of substances Similarly, it is uncertain whether the excretory T m is 
a guide to the reabsorptive powers of the tubules In general, however, a 
marked decrease in T m represents a decrease m the number or the geneial efficiency 
of the i enal tubules (or both combined) 

Notion of T m Applied to Glucose Reabsorption — The notion of T m 
can be usefully applied to the treatment of glucose by the renal tubules 
The following results were obtained m a dog on progressively raising the 
plasma glucose concentration 


Plasma glucose 

mg-% 

Glucose filtered 
m glomeruli 
mg /minute 

Glucose lost 
in urine 
mg /minute 

Glucose 
reabsorbed 
mg /minute 

(1) 

126 

145 

0 15 

145 

(2) 

238 

267 

22 

265 

(3) 

437 

499 

229 

270 

(4) 

1234 

1494 

1212 

282 


Initially as the plasma glucose rose above its normal value all the glucose 
filtered in the glomeruli was reabsorbed (Table, (1)) But there is an upper 
limit to the absolute amount of glucose that can be absorbed m unit time , 
m this experiment it was 280 mg /minute When the absolute amount of 
glucose filtered out exceeds this value, the balance is lost m the urine (e g 
Table, (3) and (4)) The glucose reabsorption T m (or T ffla ) m this dog was 
thus 280 mg In man the Tm 0 is thought to be 300-350 mg per minute 
The relation of Tn. 0 to clinical glycosuria is fully discussed on p 927 


STRUCTURE OF PITUITARY GLAND [HYPOPHYSIS] 1 RELATION 
OF NEURAL DIVISION [NEUROHYPOPHYSIS, POSTERIOR LOBE] 
TO REGULATION OF WATER AND ELECTROLYTE BALANCE 

The pituitary body consists of two parts — a neural and a glandular 
division — which, from the standpoint of development, structure, and functions, 
are entirely distinct organs , it is not clear why they have come to be so 
intimately associated anatomically The structure of both divisions is described 
below The functions of the neural division will then be discussed m detail 
as it is intimately related to the control of water and electrolyte balance 
The functions of the anterior lobe are considered on pp 930 el seq 

Structure of Pituitary Gland (Figs 17 and 18) — (1) Neural 
Division (Neurohypophysis) —The neural division includes the pars 
nervosa, the infundibular stem (pituitary stalk), and its continuation into 
the floor of the third ventricle, called the median eminence The structure 
of all three parts of the neural division is identical , the outstanding feature 

‘For general reviews of the pituitary, see Assoc Res nerv meat Dis , Pituitary 
, , ’ 193S Van Dyke, Physiology and Pharmacology of Pituitary Gland, Chicago, 1936, 

1 , 1939, 2 Pincus and Thimann, The Hormones, N Y , 1948. 1 1949 0 

2 * 













PLATE 1 


a 



b ;; 


SECTION OF PARS ANTERIOR OF NORMAL HUMAN PITUITARY GLAND ( y 450) 

The columns of cells surrounded by the sinusoids are clearly shown The staining method 
used (crjthrosm orange G-Toluidene blue) shows the three types of cell (a) chromo 
phobe, (b) chromoplnl (o\j T pbil) and (c) chromophil (basophil) cells 

Roussj t and Obcrlmg “Contribution a l’Etude des Tumeurs Hj popbj saires,” 
La Prcssc Mcdicale 


racing page 42 
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A.— pars anterior I-pars Intermedia In this specimen It is represented only by three Bmall clumps of 
cells b (densely stippled) = region of pars anterior which Is free from eosinophil cells The less 
densely stippled region of the pars anterior contains the eosinophil cells P —pars nervosa , S =stalk 
a = cells in the stalk resembling those at 6 in the anterior lobe C— capsule Blood vessels are indicated 
in solid black (except the smallest capillaries which are not shown) There Is no pars tuberalls present 


A B 



Fio 19 — Histology of Pars Nervosa (Fisher Ingram, and Panson, Diabetes Insipidus 
Edwards Bros Inc , Ann Arbor, Michigan, 1938 

A Transverse section through pars nervosa of normal cat Cresjl violet stain N=pars nervosa, showing 
nuclei of pltulcv tes I (at upper margin of sectlon)=pars intermedia 
B Normal pars nervosa (higher magnification), showing the pltuicytes (p) The long processes of the 
pltutcj tes and glial fibres can also be seen Penficld del Itio Hortega silver carbonate stain 
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discharge their secretion they lose their granules and are then supposed to 
revert to the chromophobe phase 

Useful information can be derived from a study of the effects of innocent 
tumours (adenoma) arising from the different kinds of cells Chromophobe 
cell tumours are associated with signs of hypopituitarism (p 940) , this 
observation suggests that the chromophobe cells of the tumour form no 
internal secretion but mechanically destroy the secreting elements in the 
intact part of the gland In acromegaly (p 941) tumours of the eosinophil 
cells are almost constantly present The eosinophils probably form growth 
hormone and prolactin Changes m the basophil cells occur m Cushing’s 
syndrome (p 965) [See also pp 980, 1085 ] 

Although very few nerve fibres have been traced to the pars anterior 
there is persuasive evidence that its secretory activity is controlled m part 
by the central nervous system (p 931) 

(n) The pars tuberahs (see Fig 17) is difficult to demonstrate m man, 
though it is conspicuous in the cat where it embraces the infundibular stem 
and extends to the hypothalamus When present the pars tuberalis consists 
of numerous vesicles lmed by basophil cells , the vesicles contain coagulated 
fluid and cellular elements which are probably derived from the degeneration 
of the surrounding cells Its functions are unknown 

(m) The pars intermedia is a thm, poorly vascularized tissue of variable 
structure In man such little intermedia tissue as is present lies in the pars 
anterior and consists of densely packed basophil cells In some species the 
intermedia is absent The role of the pars intermedia in mammals is un- 
known 1 

Anatomically the pituitary is divisible into an anterior and a posterior 
lobe The anterior lobe contains the pars anterior of the glandular division , 
the postenor lobe contains the pars nervosa of the neural division 

The Neural Division (Posterior Lobe) 2 — The neural division has two 
functions 


(i) It secretes the antidiuielic hoimone which controls the secretion of 
urine by the kidney and thus regulates the water and electrolyte balance of 
the body fluids 

(n) It (probably) secretes the oxytocic hormone ( oxytocin ) which stimulates 
the uterus, especially during parturition It is believed that oxytocin may 
be normally related to the onset and progress of parturition Oxytocin is also 
probably secreted during lactation and promotes the discharge of milk from 
the breast 

Extracts of the posterior pituitary contain these two specific hormones 
A highly potent preparation of each of these hormones has been isolated 
which is contaminated to only a small extent by the other In physiological 
concentrations the antidiuretic hormone and oxytocin act exclusively on the 
kidney and the uterus (and breast) respectively In large doses (ic far 
larger than are secreted in the body) the antidiuretic hormone produces 

1 In amphibia and certain fishes the pars intermedia forms a hormone which expands 
the pigment- bearing cells (melanophores) in the skm After hypophysectomy the pigment 
cells contract and the skm becomes pale , pituitary extracts cause the cells to expand 


and the skm consequently darkens 

2 Fisher. Ingram, and Ranson, Diabetes Insipidus and Neuro hormonal Control o] 
Water Balance, Ann Arbor, 1938 Harris, Physiol Rev , 1948, 28, 139 Stehle, Vitamins 
and Hormones, 1949, 7, 383, 390 
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striking circulatory effects Whole post-pituitary extracts also act on smooth 


muscle m many parts of the body 
muscle are purely of pharmaco- 
logical and therapeutic interest 
and do not represent functions 
of the neural division 

Actions of Posterior Pitui- 
tary Extracts — The mam 
actions, as explained above, are 
on (i) the kidney, (11) the uterus, 
(111) the breast, (iv) the circula- 
tion, and (v) smooth muscle 

(1) Action on Kidney 
(Antidiuretic Hormone) — 
(i) In man on a normal water 
intake the flow of urme is slightly 
diminished by post-pituitary ex- 
tracts (Pig 20) 

(n) The most convincing way 
of demonstrating the antidiuretic 
action is as follows induce a 
diuresis by drinking a large 


The actions on the circulation and smooth 



4 s 6 
HOURS 


Fig 20 — Inhibitory Action of Post pituitary 
Extract, “ Pituitrm,” on Normal Urinary 
Output m Man (John Marks, J Physiol 
1944) 

Shaded area range of hourly output of urine (in c c 


$ 100 


WATER 


volume of water, injection of At armw^TmeeTs unW posterior pituitarj extract 
the antidiuretic hormone at the Note decrease in urinary output belowcontrol minima 

height of the diuresis temporarily cuts down the flow of urine to “resting” 

r levels Alternatively the anti- 

diuretic hormone is injected while 
4 ° " / water \ ' water ts being drunk , the 

| - ■ / \ ■ injection then delays for periods 

§ 300 - / \ - ma 7 be as long as 6 or 8 

h / \ hours the onset of the usual 

^ / \ A diuresis (Fig 21) 

zoo - / - (ui) The antidiuretic hormone 

^ „ probably acts directly on the renal 

^ / tubules stimulating the reabsorption 

I ,00 / / \ WATER AND adh ' °f wat ** fid so decreasing the 

> \ . volume of urine formed The 

0 , * — — •»- — . * b hormone m physiological doses has 

i 2 3 no effect on the renal circulation 

hours or m fact on the circulation any- 

I ia 21 — Antidiuretic Action of Post pituitary where 

evt . I !' lcts - (® amson Wnght) (iv) Deficient secretion of anti- 

A R|gcstfon of I <60 c c of water on empto stomach rhurefu’ liormrmn „„„„ 

There is a rapid onset of diuresis , about 1900 c c oiurenc normone is responsible 

n in^c C M crctc r Jon! ie urin ®. in thc ncxt 3 tours for the disease known as diabetes 

B Ingestion of 1200 c c of water combined with an , j 1 l i 

injection Jntrainuscularlj ) of 5 units of posterior ^SipiaUS Winch IS characterized 
pltuitin extract ( antidiuretic hormone = ADH) bv tile nnggoerp nf n tot-c 
Diuresis was dclaa ed for 4 hours J passage 01 a very large 

0 volume of very dilute urine (p 49) 

(2) Action on Uterus (Oxytocic Action) —The effects of oxvtocm 
depend on the species and the state of the uterus In the guinea-pm, oxvtocm 
contracts the isolated virgin uterus suspended m oxygenated Ringer-Locke 


\ water and adh 




HOURS 
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solution , tins preparation is generally used for the assay of the oxytocic 
potency of pituitary extracts In non-pregnant women oxytocin has a feeble 
stimulating action on the uterus during the first half of the menstrual cycle 
and a somewhat more marked effect during the second half, oxytocin 
cannot produce abortion m pregnant women except occasionally late in 
pregnancy when it is administered combined with quinine and purgatives 
But during the second stage of labour oxytocin powerfully increases uterine 
contractions and helps to expel the foetus , later, it aids the expulsion of 
the placenta It also stimulates uterine contractions during the puerpenum 
(Fig 22) Oxytocic hormone is probably secreted normally by the neural 
division during labour (p 1091) 

(3) Action on Breast — Oxytocin produces contraction of the circularly 

arranged myoepithelium 
which surrounds the alveoh 
of the breast, thus expelling 
the contained milk into the 
ducts which are simultane- 
ously kept open by contrac- 
tion of their longitudinally 
arranged myoepithelial layer 
(cf p 1094) Oxytocin does 
not mcrease the amount of 
milk formed, but it helps 
the expulsion of the milk 
which is already present m 
the breast 

(4) Action on Circula- 
tion — The effects to be 



Fig 22 — Action of Post-pituitary Extract (Oxytocin) described here and in (5) do 
on Human Uterus (Moir, Edin med J , 1934 ) not represent physiological 

Record of movements of human uterus at the end of the first actions exerted by the gland 
week of the puerperlum, obtained with a bag introduced , i j_. 
into the interior of the uterus Ordinates =intra uterine in tllC DOUy 
pressure In mm Hg , Abscissa = time in minutes The M JJcart- — In animals the 

uterus had previously been quiescent for a long time At ' ' „ 

the arrow, 10 units of posterior pituitary extract (con rate Of tile iieart IS aimm- 
taining oxytocin) were iDjected Note the onset of jghgg partly reflexlv owing 
powerful contractions , , ’ * J 

to the rise of blood pressure, 
and partly by a direct peripheral action , the effect on the force is variable 
The coronary arteries are constricted The human heart is slowed , the effect 
on the force is not known 

(n) Blood Vessels— The aitenoles m animals are contracted by a direct 
peripheral action on their walls , after a variable initial change the blood 
pressure rises gradually to a considerable height and declines equally slowly 
In the human subject, subcutaneous or intramuscular injection or 0 - 1 O 
units of post-pituitary extract produces variable effects on the blood pressure 
The pressure sometimes rises slightly , much more usually a fall is obtained, 
which may be 20 mm Hg or more in extent The most marked circulatory 
effect in man is a direct action, not on the arterioles but on the capillaries, 
which contract vigorously This observation makes the fall of blood pressure 
particularly difficult to explain With subcutaneous injections, local pallor 
of the skm results from local active capillary constriction With intramuscular 
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injections, more generalized capillary constriction occurs affecting especially 
the skin of the face (p 322) 

(5) Other Organs — Whole post-pituitary extract stimulates smooth 
muscle widely throughout the body , this action is a direct one and is in- 
dependent of the mtegrity of the nerve supply of the tissues concerned The 
smooth muscle of the bladder and of the small and large intestine is stimulated 
The action on bronchial muscle is still in dispute , probably it is relaxed 
Nervous Control of Neural Division — As already mentioned (cf 
Fig 17), the neural division receives many nerve fibres (all non-myelinated) 



Fia 23 — Degeneration of Supraoptico-hypophyseal Tract after appropriate Hypothalamic 
Lesion (Fisher, Ingram, and Ranson, Diabetes Insipidus, Edwards ) 

A Sagittal section through ventral wall of Infundibular stem of hypophysis of normal cat stained with 
pyridine slh or to show the density of the non medullated fibres constituting the supraoptico 
hypophyseal tract 

B Section of Infundibular stem of cat with experimental diabetes Insipidus showing degeneration of the 
fibres of the supraoptico hypophyseal tract Only a few abnormal looking fibres have survived 

from the hypothalamus, chiefly from the supraoptic nucleus and the tuber- 
cinereum [Some fibres may also pass into the pars intermedia ] The fibres 
are well displayed m Fig 23, A as they run through the infundibular stem , 
m Fig 24, A they are seen to form a dense plexus of fibres m the pars nervosa 
itself If rhe nerve tracts are severed by a suitably placed lesion in the hypo- 
thalamus these fibres undergo degeneration throughout their course Fig 23, B 
shows the disintegration of the fibres as they run through the infundibular 
stem , in Fig 24, B practically all the nerve fibres m the pars nervosa have 
disappeared The neural division also undergoes other important changes 
it atrophies markedly (Fig 25) , the pitmeytes disappear and there is a 
great increase in cellulanty (Fig 24, B) owing to the development of new 
tissue, the nature of which is not understood 

The secretory activity of the neural division is wholly under nervous control 
Following the nerve lesions just mentioned hormone formation and secretion 
ceases Extracts of the atrophic denervated gland display no antidiuretic 
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oxytocic or other activity The denervation operation is also followed by 
marked signs of functional deficiency, principally those of diabetes insipidus 
and failure of parturition ( dystocia ) (p 49) 


A B 



Fig 24 — Degeneration of Pars Nervosa in Experimental Diabetes Insipidus (Fisher, 
Ingram, and Ranson, Diabetes Insipidus, Edwards ) 

A. Transverse section through pars nervosa of monkey (normal) showing dense plexus of non medullated 
fibres 

B Transverse section through atrophic pars nervosa of monkey resulting from hvpothalamic lesion 
interrupting Its nerve supply (The animal suffered from experimental diabetes insipidus ) Note 
the marked hypercellularlty All the nerve fibres have disappeared except one In the upper left-hand 
corner of the field Pytidine silver stain 


It seems strange at first sight that a tissue completely devoid of glandular 
cells should be capable of forming several hormones But tbis objection from 
histology is less disturbing in view of the release of specific chemical trans- 
mitters at nerve endings which also contain no glandular tissue The neural 



Fig 25 — Changes in Pituitary in Experimental Diabetes Insipidus (Fisher, Ingram, and 
Ranson, Diabetes Insipidus, Edwards ) 


Left Transverse section through norma hypophysis (cat) Cresyl violet stain A= pars anterior , X=pars 
intermedia N=pars nervosa , C=central cavity of pars nervosa 
Right Transverse section through hypophysiB of cat with experimental diabetes insipidus Note the 
great atrophy of the pars nervosa and Bb deeper staining, the enlargement of the central cavity, and 
the widening of the mterglandular cleft (I C ) 
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division may perhaps be regarded as equivalent to a massive nerve ending 
for ming hormones exclusively under nervous influences , these hormones do 
not act locally (like the usual chemical nerve transmitters) but enter the blood 
sit earn and produce widespread and manifold effects 

Relation of Neural Division to Diabetes Insipidus. — Diabetes 
insipidus in man is a disease characterized by an increased urinary output 
which commonly exceeds 10 litres daily , a daily secretion of 40 litres has 
been recorded The urine is very dilute but contains no abnormal con- 
stituents The condition should not be confused with diabetes mellitus, m 
which the polyuria is associated with glycosuria 



DAYS 

Fig 26 — Urine Flow and Water Intake m Experimental Diabetes Insipidus resulting 
from a lesion of the Hypothalamus (Fisher, Ingram, and Ran son. Diabetes Insipidus 
Edward Bros Inc Ann Arbor, Michigan, 1938 ) 

Ordmate represents daily urinary output and daily water intake In c c 

Curves showing urine output (continuous line) and fluid Intake (dotted line) In typical experunenta 
diabetes insipidus in the cat Op = time of operation Note initial transient polyuria, return to 
normal (together forming the latent period), followed by oBBet of lasting polyuria (first inverted arrow) 
and persistent excessive fluid intake or polydipsia (second inverted arrow) The permanent polyuria 
sets in about one day before the onset of the polydipsia 

Experimental Diabetes Insipidus —This condition develops m cats 
and monkeys when lesions are produced m the hypothalamus interrupting 
bilaterally the pathways from the supraoptic nuclei to the pituitary Uni- 
lateral lesions, or injuries which spare these tracts, do not give rise to polyuria 
The severity of the symptoms is proportional to the completeness of destruc- 
tion of the relevant nerve fibres 

The normal daily urinary secretion m a cat is about 100 c c Following 
an appropriately placed lesion there is (i) an initial transient polyuria (lasting 
about 5 days), (u) followed by the return of the urinary flow to its pre-operation 
level , the mechanism of these two phases is not understood , (n) after 10-14 
days a lasting polyuria develops, the so-called permanent phase of diabetes 
insipidus, which is due essentially to lack of antidiuretic hormone (Fig 26) , 
the urinary output may then be 450 c c daily Owing to the polyuria great 
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tliirst develops winch leads to ingestion of large quantities of water (polydipsia) 
to make good the water balance of the body The experimental state of 
diabetes insipidus persists with fluctuations for months , had the animals 
been allowed to survive the condition might have continued indefinitely 
Mechanism or Permanent Polyuria —The polyuria is due to lack of 
anhdiwctic hormone , associated with the presence of an intact anterior lobe 
Lack of antidiuretic hormone prevents adequate reabsorption of water m 
the renal tubules The evidence is as follows 

( 1 ) It has already been pointed out that the neural division after section 
of its nerve supply is {a) atrophic (Fig 25), and (b) devoid of its usual store 
of hormones Like the adrenal medulla, the neural division only forms its 
hormones or secretes them when its nerve supply is mtact 



Fla 27 — Treatment of Clinical Diabetes Insipidus with Posterior Pituitary Extract 
(After Christian, from Cushny, Secretion of Urine, Longmans, Green A Co , 1926 ) 

Ordinate Tiai y volume of urine in child with diabetes insipidus Abscissa Tune m days 
During the period indicated pipintnn ’ was injected subcutaneously, at first 0 25 c c thrice daily, later 
0 05 c c twice daily The average volume of urine fell from 0 litres to 2 5 litres dady and rose again 
when treatment was discontinued 

(u) Removal of the posterior lobe should on this theory regularly produce 
diabetes insipidus , actually, polyuria commonly occurs but not invariably 
The reasons for the exceptions are twofold (a) removal of the pars nervosa 
still leaves behind histologically identical tissue m the infundibular stem and 
the median eminence , the persistence of as little as 5% of the tissue of the 
neural division can maintain the resting urinary output within normal limits 
(, b ) The operation may involve coincident damage to the anterior lobe or 
mterference with its blood supply 

(m) Clinically, diabetes insipidus occurs with lesions of the posterior lobe, 
but only when the anterior lobe is intact wholly or partially In one case of 
posterior lobe tumour the polyuria diminished as the disease progressively 
encroached on the anterior lobe 

(iv) Total hypophysectomy does not cause diabetes insipidus , on the 
contrary the diuresis following water drinking becomes markedly delayed, 
the excess water being excreted m 24 (mstead of 3) hours 

(v) The polyuria of both experimental and clinical diabetes insipidus 
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can be completely contiolled by suitable doses of posterior lobe extracts 
(antidiuretic hormone) (Fig 27) 

C lini cal diabetes insipidus is likewise due to lack of antidiuretic hormone 
resulting from ( 1 ) injury or disease of the secreting tissue (a e the neural 
division and especially the pars nervosa) or (n) from degeneration and 
cessation of activity of this tissue as a result of cutting off its nervous 
control from the hypothalamus owing to suitably situated lesions m that region 
Role of Anterior Pituitary — The relationship of the anterior pituitary to the 
kidney is obscure Following total hypophysectomy (m dogs) glomerular filtra- 
tion rate, renal plasma flow and maximal diodrast excretion are all markedly re- 
duced and water diuresis is delayed 1 (cf p 930) Some conclude that the anterior 
lobe secretes an unidentified diuretic hormone , others suggest the anterior lobe 
acts more indirectly by its complex effects on general metabohc processes 
Injection of pure ACTH (p 964), however, causes water and salt retention 
Role of Thyroid — The thyroid gland may also be related to the disease 
Thyroidectomy reduces the urinary flow in diabetes insipidus, though not 
to the pre-operative level If thyroid extract is then administered the urinary 
flow mcreases enormously and may persist at a high (though not at the peak) 
level for a long time after the extract is discontinued Thyroid extract has a 
diuretic action m normal subjects , the urinary flow is diminished m myxoe- 
dema All these observations indicate that the thyroid may influence renal 
secretion, probably not directly by an action on the kidney, but through its 
influence on metabolic processes in general 

Role of Antidiuretic Hormone m Tubular Reabsorption — The facts set 
out above show that the antidiuretic hormone is responsible for only a 
portion and not the whole of the reabsorption of water in the renal tubules 
Thus m man about 170 litres of capsular fluid are normally filtered out from 
the glomeruh m 24 hours, of which 168 5 litres are reabsorbed into the blood 
and 1 5 htres escape as urine (cf p 28) The maximum urinary output 
m the most severe cases of diabetes insipidus is about 40 htres, indicating 
that about 130 htres of water are still reabsorbed Similar results are also 
obtained m the experimental disease 

Regulation of Secretion of Antidiuretic Hormone (ADH) 2 — The 
secretion of this hormone is regulated — 

(i) By the emotional state exercise, anger, fear, and nocuous afferent 
stimulation increase the secretion of ADH 

(n) Mainly by the crystalloid osmotic pressure of the plasma Changes in 
this osmotic pressure specifically affect sensitive receptors (osmoi eceptors) 
lying in the distribution of the mternal carotid artery , from these receptors 
impulses pass up to the hypothalamus and thence to the neural division 
modifying the secretion of ADH Increased osmotic pressure (i e hyper- 
tomcity of the plasma) increases, and decreased osmotic pressure (i e hypo- 
tomcity of the plasma) decreases the secretion of ADH 

In the experimental study of the factors controlling the secretion of 
antidiuretic hormone, its release is demonstrated and the amount is assayed 
by the effect produced on a background of diuresis induced by water drinking 
The experimental findings are reviewed in detail below 


36, 2] 


1 Pickford and Watt, J Endrocm , 1950, 6, 398 

Veraey, Proc roy Soc B , 1947, 135, 25 O’Connor, Quart J exp Phystol , 1950, 



52 


SECRETION OF ANTIDIURETIC HORMONE (ADH) 



Fig 28 —Effect of Exercise on Flow of Urine (Dog) (Vemey, Lancet, 1946, u, 740 ) 

CiirveC At 0, administer 250 c c of water b> mouth Note the resulting diuresis 
Curve B Repeat water drinking, but during b (double arrow s) the animal carried out ' stationary running" 
on a platform moving at 0 miles per hour Note the transient inhibition of the diuresis 



Fia 29 — Effect of Emotion compared with that of Injection of Antidiuretic Hormone 
on Flow of Urine (Dog) (Verney, Lancet, 1946, u, 743 ) 

Both kidneys and the left adrenal had been denerv ated and the right adrenal removed 
Curves C and D show the diuretic response to water drinking at 0 

At the arrow B on curve C, 5x10-“* o c of post pituitary extract (10 units/c c ) were injected intravenously 
Note the antidiuretie effect 

During the double arrows marked A on curve D the animal was angered by noise Note the remarkable 
similarity of the resulting antidiuretic effect with that produced by post-pituitary extract 
At the arrows a, b, c, d, samples of urine were collected and analysed with the following results 



a 



d 
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Curve D 
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Unnarv NaCl and Dnnary N are expressed as mg per 100 c c of urine Note the dilution of the urine 
at the height of the diuresis (i e sample b) and with the return of the diuresis (sample d) 
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INJECT 10 5 cc of 1 5%NaCl 
into LEFT CAROTID ARTERY 


1 Effect of Emotional States and Exercise — If exercise is carried 
out at tlie height of water diuresis the flow of urine is temporarily cut down 
(Fig 28) This antidiuretic effect is still obtained m ammals after severing 
the sympathetic supply to the kidneys and denervatmg the adrenals (Fig 29) , 
it is thus not due to reduced renal blood flow resulting from sympathetic 
overactmty or adrenaline secretion , in fact, direct measurement shows that 
no decrease in renal blood flow takes place The antidiuretie effect is not 
due directly to the muscular activity, because if the animal is repeatedly 
exercised the antidiuretic effect dwindles and is finally extinguished The 
effect is due to the emotional concomitant of the exercise a similar anti- 
diuretic action is readily produced 
by fear, anger, or nocuous stimula- 
tion The following observations 
show that the antidiuretic effect 
m these circumstances is due to 
release of ADH 

( 1 ) An exactly similar effect m 
extent and time course can be 
produced by injecting an appro- 
priate dose of ADH , this amount 
is presumably equal to the quantity 
released by the gland in the ex- 
perimental procedure (Fig 29) 

(n) The antidiuretic response 
produced by emotional disturbance 
is diminished by removal of the 
neural division to an extent which 
is proportional to the amount 
of neural tissue removed After 
removal of the posterior lobe 
only (in the cat) the response 
is cut down to 10% or less, the 
small effect that is still obtained 
being due to persistence of the 
infundibular stalk and the median 
eminence 



Fig 


70 80 

TIME (minutes) 

30 — Effect of Extra arterial Injection ol 
Hypertonic NaCl Solution on Flow of 
Urine (Dog ) (Verney, Proc roy Soc B , 
1947, 135, 59 ) 

The abscissa shows time in minutes after drinking a 
test dose of water which induced diuresis 
Inject at arrow, 10 5 c c of hypertonic saline (0 257M 
NaCl, ti 1 5% NaCl) into the distal end of the 
carotid artery Note the immediate inhibition of the 
diuresis owing to secretion of antidiuretic hormone 


Emotional states or nocuous stimulation presumably act on the neural 
division via the hypothalamic nuclei (cf p 663) The value to the organism 
ol the antidiuretic response is not clear, but it would tend to conserve water 
m states of stress and danger 

2 Effect of Changes in Plasma Crystalloid Osmotic Pressure 
(1) Effects of Raised Osmotic Pressure — Injection into the carotid 
artery of a hypertonic NaCl solution produces an immediate antidiuretic 
response (Fig 30) , using the methods described above, it can be shown to 
be due to release of ADH The effective stimulus is the increase m the 
crystalloid osmotic pressure of the (carotid) arterial blood Thus 

(i) Solutions of NaCl, Na 2 S0 4 , or sucrose of equal osmolar concentration 
produce effects of equal magnitude 

(n) The amount of ADH released is directly proportional to the degree 
of hypertonicity induced in the carotid blood 
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Verney attributes the results to stimulation of specific osmoreceptors 
these are as yet undemonstrated receptors (and therefore of unkn own struc- 
ture) which are believed to be specifically sensitive to changes m the crystalloid 
osmotic pressure The osmoreceptors set up impulses which reflexly act on 
the hypothalamus and so on the neural division The osmoreceptors do not 
he m the carotid body (i e they are not identical with the chemoreceptor° 
(p 738), but are probably distributed somewhere m the vascular bed of the 
internal carotid artery It is a httle dangerous to speculate about the mode 
of stimulation of histologically unidentified receptors, but the following 
plausible suggestions may be made It is supposed that the osmoreceptors 
are surrounded by a membrane which is relatively or absolutely impermeable 
to Na+, Cl', SO/' or sucrose Injection of these substances into the blood 
raises the plasma osmotic pressure , as these substances cannot penetrate 
into the osmoreceptors a difference of osmotic pressure is established between 
the plasma and the osmoreceptors Water is withdrawn from the latter and 
the resulting local rise of osmotic pressure is the effective stimulus to the 
sensory nerve endings A rise of plasma osmotic pressure resultmg from excess 
of a substance to which the membrane is partly or wholly permeable would 
have less or no effect, because the substance would traverse the membrane 
and equalize the osmotic pressure on the two sides It is found experimentally 
that mtracarotid injection of a strong urea solution produces no antidiuretic 
effect , injection ot an equiosmotie glucose solution releases less ADH than 
does a NaCl solution The osmoreceptor membranes are therefore presumed 
to be freely and quickly permeable to urea but less lapidly and readily per- 
meable to glucose The osmoreceptors respond steadily (as judged by release 
of ADH) to a sustained increase of osmotic pressure for a period of at least 
40 min , % e they adapt (accommodate) slowly (cf p 550) 

The physiological significance of these observations is clear Normally a 
rise of crystalloid osmotic pressure might be due to (a) water deprivation, (b) 
simple salt (Na + , Cl') excess, (c) excess of some other solutes (e g urea, glucose) 
(i) In the case of water deprivation, release of ADH cuts down the flow 
of urme to the obligatory minimum (cf p 30), thus conserving water and 
so tending to preserve the normal plasma osmotic pressure 

(u) In conditions of salt excess, though the NaCl output m the urme 
mcreases greatly, the urme flow increases only moderately (p 62) , mcieased 
secretion of ADH may be reducing the “ tubule diuresis ” that the excess 
NaCl m the urme would otherwise produce Any water drunk subsequently 
is mainly initially retamed (again possibly by the action of ADH), although 
it increases the volume of the body fluids , it helps, however, to lower the 
crystalloid o p towards normal 

The osmoreceptors do not respond to intracarotid injection of an isotonic salt 
solution, though it mcreases the plasma volume and dilutes the plasma proteins 
It is interesting that the osmoreceptors respond with maximal sensitivity to the 
two principal “structural” ions of extracellular fluid, namely Na+ and Cl' 
(m) (a) An increase of blood uiea normally leads to increased urea 
secretion by the kidneys , the elimination of urea is facilitated by an increase 
m urme volume and is correspondingly hampered by a decrease m urme 
volume The non-responsiveness of the osmoreceptors to raised blood urea 
means that they will not “hamper” urea excretion by decreasmg the 
secretion of urme via the release of ADH 
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EFFECTS OF WATER DRINKING 

from the intestine The passage of water into the blood leads to a slight 
dilution of the plasma and a decrease of its crystalloid osmotic pressure of 
up to 3% (i e corresponding to a decrease of concentration of about 10 milli- 
osmoles/L (Fig 32) , the plasma volume increases slightly as shown by a fall 
of red cell haimatocnt value of the same order The change m plasma volume 
is comparatively slight because (i) the excess water is distributed throughout 
the extracellular and intracellular fluid , (n) there is increased secretion of 
urine by the kidneys 

(1) Body Fluid Changes — The trivial dilution of the plasma proteins 
decreases their osmotic pressure to a negligible extent (eg from 25 to 
24: mm Hg) , likewise no significant rise occurs m the capillary blood 
pressure The flow of water out of the blood vessels is the result of the 
decreased crystalloid osmotic pressure of the plasma 

(l) The crystalloid o p of the interstitial fluid is higher than the reduced 



Fia 31 — Effects of Water Drinking on Volume of Extracellular and Intracellular Fluid 

and on Electrolyte Concentrations 

T eft-hand box Total areas of left hand column E and or right hand column I represent Initial (normal) 
volumo of extracellular and Intracellular fluid Stippled area Na and clear area K represent Initial 
(normal) concentration of Na + in extracellular fluid and of K + In intracellular fluid 
Middle box Shows Immediate effect of water drinking, xe an Increase in the volume of extracellular 
fluid (left hand column E) and a decrease In extracellular Na+ concentration (stippled area, Na) 
Right-hand box Shows secondary flow of fluid from extracellular compartment E into the intracellular 
fluid compartment I The volume of both compartments is increased and the ionic concentration 
(of Na in E, and of K in I) is decreased 

op of the plasma , water is therefore sucked out from the plasma into 
the interstitial spaces (Electrolytes simultaneously diffuse m the other 
direction, i e from the interstitial fluid into the plasma, but the rate of 
movement of the water in the opposite direction is faster and more important ) 
At equilibrium the volume of both plasma and interstitial fluid is increased 
and both fluids have an identical but lower crystalloid o p (Fig 31) 

(n) The properties of cell membranes discussed on p 7 must now be 
recalled It was pointed out there, that although the membranes are 
permeable to Na+ and Cl', when these ions penetrate the cell from the extra- 
cellular fluid they are actively expelled by the cell Similarly, although 
the cell membrane is permeable to K+, the normal physical conditions m the 
cell are such that K+ is retained m the cell by the “ non-penetratmg ” anions, 
t e protemate and orgamc phosphate There is, thus, normally, no net 
movement of Na+, K+, or GY through the membrane In this sense the 
membrane can be described as “ impermeable ” to these ions When 
“ impermeable ” is used m the following discussion it has this meaning 1 
The crystalloid o p of the intracellular fluid is now higher than that 
i “ Unimportant, of course, I meant,” the King hastily said, and went on to himself 
m an undertone, “ important— unimportant— unimportant— important ”— as if he were 
trying which word sounded best 




RENAL CHANGES AFTER WATER DRINKING 57 


in the extracellular fluid (instead of being, as normally, the same) As the 
cell membranes behave as though they were impermeable to electrolytes, 
no net diffusion of these substances out of the cells mto the interstitial fluid 
can occur Owing to the higher o p of the intracellular fluid water is sucked 
from the interstitial fluid mto the cells (Fig 31) 

(m) Finally the volume of all the compartments of body water is increased 
to the same slight degree, and all the body fluids have an identical but slightly 
lowered crystalloid o p Were there no kidney response the result would be 
that instead of the 2 L of water that were absorbed being stored exclusively m 
the plasma, increasing its volume from 3 5 to 5 5 L (i e by 70%), the water 
is distributed through the entire 50 L of body water, increasing its volume 
to 52 L, or by 4% , the plasma volume is likewise increased only by 4% 



Fig 32 — Changes m Urine Volume and Plasma Crystalloid Osmotic Pressure after Drinking 
1000 c c of Water m Man (After Baldes and Smirk, J Physiol , 1934, 82 ) 

Urine volume mcc per hour Change in plasma crystalloid osmotic pressure in milliosmoles per litre 
The maximal fall m plasma crystalloid osmotic pressure is about 10 milliosmoles per L The dilution 
of the plasma precedes by about 15 minutes the onset of diuresis 

Similarly, instead of the crystalloid o p of the plasma being reduced by 70% 
it falls only by 4% 

(2) Renal Changes — The kidneys come into action after a latent 
period of 15-30 minutes (Fig 32) , the flow of urine rises (from the “ restmg ” 
value of 50 c c per hour) to its peak during the second hour when a maximum 
excretory rate up to 1300 c c per hour may be attained , the diuresis declines 
and is usually over m 3 hours by which time the excess urinary output has 
about equalled the excess fluid intake Even 5 litres of water drunk during 
2 hours may be eliminated m 4—5 hours 

As the volume of urme increases, its specific gravity falls, eg to 1001 , 
there may be a slight total increased excretion of NaCl and urea during the 
diuresis, though the 'percentage concentration is very low This initial 
washing out of solids is compensated for by a lessened rate of excretion after 
the diuresis is over The pomt to emphasize, however, is that the kidney 
responds selectively by an enormous increase m water output with httle 
associated loss of solids The changes m renal dynamics are illustrated in 




5 § WATER INTOXICATION 

Fjg 33 There is no increase in renal blood flow , there is no increase in the 
volume of glomerular filtrate except when the volume of urine exceeds 900 c c 
per hour , it is quite clear therefore that the diuresis is due to decreased 
reabsorption of watei by the renal tubules A urinary output of 900 c c per 
hour (=15 c c per minute) means that of every 120 c c of glomerular filtrate, 
lOo c c are reabsorbed and 15 c c allowed to escape The level of diuresis is 
of the same order of magnitude as that seen m clinical diabetes insipidus , 
water diuresis is probably due to temporary inhibition of the secretion of 



Fig 33 — Effect of Water Drinking on Eenal Dynamics (Chassis et al , 

J elm Investig , 1938, 17, 684 ) 

Dlodrast= plasma dlodrast clearance = renal plasma flow (In cc/mln) (semi- 
logarithmic scale) 

Inulln— mulln clearance = volume of glomerular filtrate (in c c /min ) 

FUtr Fr = filtration fraction =■ glomerular flltrate/renal plasma flow 

Urine/min in c c 

At the arrows 1000 c c of water drunk In four 250 c c portions Note that there is 
no significant change in renal plasma flow, volume of glomerular filtrate or filtra- 
tion fraction The urine volume increases to a peak of 14 c c /min from a 
* resting ’ value of 2 c c /min 

the antidiuretic hormone of the pituitary (p 55) reflexly from the osmo- 
receptors It will be noted (Pig 32) that the dilution of the plasma precedes 
the onset of diuresis During this period it may be supposed that the circulat- 
ing ADH is being destroyed and that no fresh ADH is being secreted , as the 
blood ADH level falls diuresis sets m 

Ether anaesthesia inhibits water diuresis perhaps by depressing the central 
nervous elements involved 

Water Intoxication — In extreme circumstances great and harmful 
water retention may occur Patients with diabetes insipidus (p 49) drink 
(and excrete) enormous amounts of water daily, up to 20 or even 40 L per 
day If the flow of urine is restored to normal limits by injection of anti- 
diuretic (post-pituitary) hormone without corresponding limitation of water 
intake, grave symptoms develop, e g headache, nausea, asthenia, and inco- 
ordination of movement, attributable to a great increase in the volume of all 
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the body fluids and a decrease of their crystalloid osmotic pressure The 
condition has been reproduced experimentally If very large amounts of 
water are given by stomach tube to normal dogs, retching, vomiting, and 
violent convulsions (resembling those of strychnine poisoning) occur at 
intervals, alternating with asthenia and coma Death may take place m coma 
or in convulsions If the water administration is stopped in time the animal 
may recover completely in a few hours A condition of subacute poisoning can 
he induced in rabbits by giving daily, over a long period, an amount of 
water equal to the body weight As expected (p 128), there is cedema of 
the brain and a rise m the intracranial pressure Post-mortem no structural 
changes are seen , the changes m the crystalloid o p m all the tissues plus 
the direct effect of the raised intracranial pressure on the brain accounts for 
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f ra 34 — Circulatory Effects of Intravenous Injection of Isotonic Saline m Normal Man 
in Supine Position (McMichael and Sharpcy Schafer, Brit Heart J , 1944, 6,1 ) 

Jt A P right auricular pressure In cm saline (anterior to posterior surface of thorax), recorded by 
catheter (n right auricle connected to manometer 

C 0 cardiac output (in litres per minute) recorded by direct Pick method (cf p 279) figures on cardiac 
output curve =lieart rate per minute 

inject 1630 c c of isotonic salme intravenously m 23 minutes Note rise of nght auricular pressure, 
increase in heart rate (venous reflex) and increase in cardiac output As soon as the injection is 
stopped, the progressive outflow of saline from the circulation leads to a fall in right auricular pressure 
and In cardiac output 

most of the symptoms mentioned These observations are important m 
relation to the interpretation of the symptoms of uraemia (cf p 77) 

Effects of Injection or Ingestion of Saline Solution or Salt — 
The excess sodium chloride diffuses uniformly throughout the extracellular 
fluid , none ■penetrates into the intracellular fluid The following procedures 
will be considered 

(l) Rapid mtravenons injection of isotonic salme 

(u) Slow, very large, isotonic salme infusions 
(in) Ingestion of isotonic salme 

(iv) Ingestion of excess salt (NaCl) 

(v) A-dmimstration of hypotonic or hypertonic saline (pp 126, 127) 

Intravenous Injection of Isotonic Sodium Chloride Solutions, — 
(1) Vascular Changes — When very fast rates of injection are employed the 
circulatory changes are very striking On injecting 1630 c c m 21 min utes 
(Fig 34) the right auricular pressure rises, e g from 12 5 to 19 cm saline 
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owing to engorgement of the venous side of the circulation , the heart rate 
is increased, e g from 72 to 88 beats per minute owing to the action of the 
Bambridge reflex (p 273) the increased venous return produces an increased 
cardiac output, e g from 4 5 to 8 5 litres per minute, representing an increase 
m the output per beat from 60 c c to nearly 100 c c The arterial blood 
pressure temporarily rises The excess fluid is first accommodated m the 
easily distensible veins , there is a rise of general venous pressure and 
capillary blood pressure corresponding to the rise of right auricular pressure 
The rise of the filtering force m the capillaries drives fluid out of these vessels 
into the tissue spaces At the same time, the proteins of the plasma are 
diluted and consequently their osmotic pressure is reduced (p 15) , the 
power of the blood to retain fluid is diminished and so exudation occurs into 
the tissue spaces (cf p 18) As the crystalloid o p of the extracellular fluid is 



Fig 35 — Effect of Injection or Ingestion of Isotonic Saline on Volume and Composition 
of Extracellular and Intracellular Fluids 

Left hand box Total areas of columns E and I represent the total volume of extracellular and mtra 
cellular fluid Height of areas Na, K, represents the concentration of Na+ and K+ 

Eight-hand box After Ingestion of Isotonic saline Rote the area of E is greater, i e there Is an Increase 
m the volume of extracellular fluid There is no change In the concentration of extracellular Na + 
or of the volume or composition of the Intracellular fluid 

unchanged, none of the excess fluid enters the intracellular compartment 
(Fig 35) 

(2) Renal Changes — There is also a greater secretion of urme , the 
urme volume rises to a maximum during the second hour and then declines 
In the main the diuresis is due to decreased reabsorption of water m the 
tubules , the mechanism is, however, obscure As there is no decrease m 
the plasma crystalloid o p there is presumably no decrease in the secretion 
of pituitary antidiuretic hormone An additional factor of somewhat greater 
importance than after water drinking, is the dilution of the plasma proteins 
which may perhaps lead to increased glomerular filtration (though this has 
not been convincingly demonstrated) 

(3) In extreme cases some of the excess fluid may be accommodated in 
the lungs pulmonary congestion occurs (reducing the vital capacity) and 
exudation into the alveoli (pulmonary cedema) may develop Cerebrospinal 
fluid pressure is raised (p 126) 

(4) If isotonic saline at body temperature is injected more gradually (under 
20 c c per inm ate) m large amounts into normal subjects there is no alteration 
m the arterial blood pressure or heart rate , the excess fluid is rapidly elimin- 
ated from the plasma into the tissue spaces and is ultimately excreted m the 
urme, so that the plasma volume is kept about normal 
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(5) The temperature of the fluid acts directly on the smo-auricular node 
(p 236) and on the cardiac centre (p 274) , a rise of temperature quickens 
the heart and a fall slows it 

Very Large Slow Saline Infusions — Fig 36 illustrates the results of 
infusing 27 L of isotonic saline over 4 days (i e nearly 7 L daily) As 
emphasized above, as the solution is isotonic it must all be stored extracellu- 
larly until it is excreted by the kidney The renal response though sensitive 


0 9% NaCI S % GLUCOSE 



Fia 36 — Effects of Large Slow Intravenous Infusions of Isotonic Saline and of 5% 
Glucose Normal Adult (After Gamble, Extracellular Fluid, Harvard University 
Press, 1949 ) J 


Left hand column Response to isotonic saline Note the increase m extracellular fluid \ olume, the 
xn \A n £ rea J e P* asma volume and the decrease m plasma protein concentration 
Right hand column Response to 5% glucose As the glucose is rapidly metabolized the effect of the 
uuusion is equivalent to the ingestion of water There is no increase in extracellular fluid volume 
or in plasma protein concentration on mg to the rapid response by the kidney 


to a very small change of crystalloid op (eg as after water drinking) is 
much more gradual and relatively inefficient when there is no change m 
crystalloid o p even when there is a large increase of tofal body water 
big 36 shows that after 84 hours there was an increase of 7 L m extra- 
cellular water, including an increase of over 1 L in the plasma volume (% e 
of 30%) , the plasma protem concentration fell (from 7 8 to 6%) The large 
outflow into the tissue spaces is due to the fall of plasma protem o p and the 
presumed rise of capillary blood pressure Though the volume of urine rose 
to 5 L daily the kidney did not keep pace with the infusion of fluid (nor with 
Na + input) It actually responded by excreting water and extra salt m the 
proportions present in isoiemc saline thus preserving crystalloid o p (there is 
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no change in p]asma Na + ) , but it obviously failed to restore total body water 
or plasma volume rapidly to normal 

Ingestion of Saline — Isotonic saline of a composition resembling Locke’s 
solution is fairly palatable if drunk slowly If 1-2 L is drunk there may 
be no diuresis it all during the next 6 or 8 hours , the excess water and 
salt is excreted during the next few days during which period there is over- 
fillmg of the extracellular compartment , the plasma volume may be increased 
ky e g 10% (=350 c c ) , if as much as 3 L are drunk in an hour, the maximum 
diuresis attained is only 300 c c per hour , the urinary output remains above 
100 c c per hour for more than 24 hours It is important to note that saline 



Time m Hours 

Fig 37 — Comparison of Effects of Ingesting Isotonic (a) KCl Solution and 
(6) NaCl Solution on Flow of Urine (Adolph, Ainer J Physiol , 1923, 65 ) 

In (a) 500 c c of 1 3% KCl, and In (6) 1000 cc of 1 % NaCl were ingested at arrow A 
Note the absence of diuresis nith NaCl and the marked diuresis with KCl 

js retained for many hours, when given by mouth {or per rectum), but is more 
rapidly eliminated if introduced directly into the circulation 

Isotonic KCl (1 3%) if given by moutb is treated quite differently from 
NaCI , it is rapidly excreted like urea or other waste products and gives 
rise to a marked diuresis (Fig 37) 

Effects of Excess Salt (NaCl) — (1) Changes in Body Fluids — 
Suppose a strong NaCl solution is drunk or injected , the plasma crystalloid 
osmotic pressure rises , water is sucked from the interstitial spaces into the 
plasma initially increasing its volume , but at the same time the salt diffuses 
out into the interstitial spaces The outflow of salt causes a secondary out- 
flow of water by osmotic action Ignoring tbe intermediate changes just 
described the net result is a uniform increase m the NaCl content of the extra- 
cellular fluid without change in the relative or absolute water content of 
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plasma or interstitial fluid 1 The higher osmotic pressure of extracellular 
fluid compared with intracellular fluid leads to a flow of water from the cells 
m to the extracellular fluid The final result is a uniform mcrease m crystalloid 
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Fig 38 — Effect on Volume and Composition of Extracellular and Intracellular Fluid of 

Excess NaCl 

Left-hand box Total area of columns E and I represent volume of extracellular and Intracellular fluid 
Areas Na, K represent concentration of Na + and E+ m extracellular and intracellular fluid 
Middle box Immediate effects of NaCl excess an increase in extracellular Na + concentration 
Ittght-hand box Elnal effects of NaCl excess an Increase In extracellular fluid and a decrease in 
intracellular fluid volume , increase in extracellular Na + and mcrease in intracellular K+ concentration 


concentration, and osmotic pressure throughout the body fluids, but there 
is a decrease m intracellular fluid and an increase m extracellular fluid volume 
(Fig 38) 

(2) Renal Changes — In an experiment (Fig 39) m which 28 g of NaCl 
were ingested the urinary flow was increased from 30 to 120 c c per hour , 
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(Adolph, Amer J Physiol . 


Fiq 39 — Effects on Urine of Ingesting 28 g of NaCl 

1923, 65 ) 

Kecords from above downwards are Cl cone = concentration of chloride with reference to molar con 
rl rot! A 1 W?, 35 5 8 ,'P er litre) i Hnne rite=iate of urine formation m c c per horn, 
oi rate g =rate of chloride excretion in g per hour At A, ingest 28 g of NaCl 


the rate of Cl excretion rose from 0 2 to 1 2 g per hour (the amount filtered 
per hour from the glomeruli is about 24: g ) Reabsorption of Cl' m the tubules 
t ougn somewhat less complete, is still going on on a very large (and seem- 
lagly unnecessarily large) scale The maximal urinary NaCl concentration 
The Bm&U volumo of water in which the salt was administered can he neglected 
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occurred between the third and the twelfth hour, when it was about 0 55 
molar (=3 4% NaCl, compared with the average normal of 1%) The rate 
of excretion of salt is thus comparatively slow 

The taking of salt induces thirst , more water is consequently drunk and 
is mainly retained m the body (probably owing to increased secretion of 
ADH (p 54)) to dilute the retained salt and thus restore the appropriate 
osmotic pressure The body weight may be temporarily increased from 
retention of saline The excess fluid and salt are slowly eliminated in the 
course of a few days 

Results of Simple Sodium Chloride Deprivation —Simple sodium 

chloride deficiency can be produced experimentally m various ways The 

simplest is to induce severe sweating while replacing the water and NaCl 

lost by wate> only , excluding salt as far as possible from the diet The 

changes in the body fluids are the reverse of those described for NaCl excess 

(1) Changes in Body Fluids —As the NaCl content of the plasma is 

reduced, water initially flows out of the blood into the interstitial spaces 

f 1 

i i 



Fig 40 — Effects of Simple NaCl Deprivation 
Left hand box Total areas of columns E and I represent volume of extracellular and intracellular fluid 
Areas Na, K represent concentration of Na+ and K + In extracellular and intracellular fluid 
Middle box Immediate effects of NaCl deprivation — a decrease in extracellular Na+ concentration 
Right hand box Final effects of NaCl deprivation — a decrease in extracellular and an increase in mtra 
cellular fluid volume , a decrease in extracellular Nn + and m intracellular K + concentration 

(NaCl moves in the opposite direction) When equilibrium is established the 
volume and distribution of the extracellular fluid is unaltered but the fluid 
is more dilute, i e the NaCl concentration is reduced The extracellular 
fluid osmotic pressure is now lower than the intracellular , fluid therefore 
moves from the interstitial spaces into the cell «■ The final result is a uniform 
decrease in crystalloid concentration and osmotic pressure throughout the 
body fluids, but there is an increase m the volume of intracellular fluid and a 
decrease tn the volume of extracellular fluid , the swelling of the cells must be 
emphasized (Fig 40) The decrease m extracellular water necessarily involve 
a decrease in plasma volume , but as this raises the plasma protein osmotic 
pressure, plasma volume is relatively better preserved than is the volume of the 
interstitial fluid The concentration of Na+ and CT m the plasma is decreased 
(2) Renal Changes — The kidney responds to the changes m the electrolyte 
concentration of the plasma and other body fluids by diminished excretion 
of Na+ and CT m the urine , reabsorption of Na+ and CT m the tubules 
becomes practically complete A serious distuihance of general renal function 
develops which may be due to the loss of Na + ions 1 Although the blood 
pressure is unaltered, glomerular filtration is decreased by, say, 30% and 
1 Report to Bnt Med Res Council, Lancet, 1950, u, 509 
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urea clearance is also decreased, e g to 40-80% of the control value Consider- 
able urea retention occurs with a resulting rise of plasma urea, e g from 
30-80 mg-% , the decreased glomerular filtration may be a factor m 
producmg this “ urae mi a ” Water drinking does not induce the usual striking 
diuretic response (Fig 41) 

Na+, Cl' and H + ion deprivation may he induced by continuously aspirating 
the gastric juice and replacing the withdrawn fluid by means of water or a 
glucose solution (p 106) As under these conditions there is a greater fall 
of plasma Cl' than of Na+ alkalaemia results, commonly associated with 
signs of renal damage, such as the appearance of albumin and casts in the 
urine 

Clinical Syndromes of NaCl Loss — (1) Heat (Stoker’s) Cramp — Men 
working very hard m hot moist atmospheres (stokers, miners) sweat pro- 
fusely , if they replace the water lost but not the NaCl, NaCl deficiency is 



Fio 41 — Effect of Salt Poor Diet on Renal Response to Water Drinking 
(After M'Cance and Widdowson ) 

In each case 1000 c c of water were drunk (arrow) On a salt-poor diet the 
diuretic response is smaUer than on a normal diet 


produced as already explained A common symptom is widespread, intense 
and exceedingly painful contraction of the muscles, probably due to the 
harmful effect of the low NaCl content of the interstitial fluids The cramps 
are prevented or markedly relieved by drinking saline (0 25%, 0 5% or even 
1% solutions) or by taking salt tablets 

(2) Grave NaCl Deficiency Syndrome — In severe cases there is 
lassitude, apathy, stupor, headache, weakness, as well as cramps Later 
there may be nausea and vomitmg (attributed to spasm of the pylorus), 
giddiness, fainting, pallor, and cold sweating There is tenal failure and 
nitrogenous retention m the blood Owing to the decreased plasma volume, 
the blood pressure tends to fall but is kept up for a time by compensatory 
vasoconstriction , finally the blood pressure does fall and a “ shock ’’-like 
state results The clinical picture is thus one of general grave illness which may 
be variously diagnosed A clue to the diagnosis is obtained by demonstrating 
the absence of CT m the urine (no precipitate with AgN0 3 solution in the 
presence of nitric acid), and the low plasma Cl' level Final confirmation is 

obtained by the rapid improvement resulting from administration of saline 
solution 

Certain other points should be stressed The normal fullness (turgor) of 
the skin and mucous membranes depends on the volume of interstitial water 
3 
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In salt deprivation tile skin feels flabby and tbe tongue and mucous mem- 
branes are dry Theie is no sensation of 
thirst 

Effect of Water Deprivation — It 
will be remembered that water is con- 
stantly being lost from tbe body in urme, 
expired air, and insensible perspiration, 
tbe irreducible minimum water loss (in 
tbe absence of sweating) is about 1200 c c 
daily, representing 2 5% of tbe total body 
water If corresponding amounts of water 
are not drunk (owing to water not being 
available, to unconsciousness, or to a 
patient being too weak to drink), water 
depletion develops leading to changes m 
tbe various compartments of body fluid 
which are tbe reverse of those described 
for water drinking (p 56) 

(1) Changes in Body Fluids — Tbe 
decrease in plasma water concentrates tbe 
plasma crystalloids , water is sucked in 
from tbe interstitial fluid and some salt 
diffuses out , finally tbe whole extracellular 
fluid is reduced m volume and shows a 
slightly increased crystalloid concentration 
and osmotic pressure Water is conse- 
quently drawn out of tbe tissue cells 
All tbe fluid compartments ultimately lose 
water and gam in crystalloid content and 
all end up with tbe same {i e slightly 
more than normal) crystalloid osmotic 
pressure These points are well illustrated 
by Fig 42, which sets out quantitative 
data obtained in an animal deprived of 
water for 15 days Initially tbe water 
loss was borne chiefly by tbe extiacellulai 
water (almost wholly by interstitial fluid) , 
later proportionally larger contributions 
were made by ini') acellular water After 
15 days of thirst tbe total water loss 
exceeded tbe entire initial extracellular 
water volume , in other words there would 
have been no plasma volume were it not 
for tbe contribution from tbe tissue cells 
At 15 days, half the loss bad been borne by 
extracellular and half by intracellular fluid 
Tbe outward flow from the tissues is chiefly 
due to tbe increased crystalloid o p of tbe extracellular fluid resulting from 
tbe dehydration , m addition there is an unexplained leak ( excretion ) 
of K+ out of tbe cells further lowering their o p and determining additional 
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42 — Effects on body Fluids of 
Water Deprivation in Dog 
(After Gamble, Extracellular 
Fluid, Harvard University Press, 
1949 ) 

Upper record progressive increase of 
plasma Na+ concentration A similar 
Increase occurs throughout the extra- 
cellular fluid owing to -water loss 
Lower record Abo\o the zero (0) line — 
volume of extracellular fluid , below 
the zdto {0} line — ■‘volume of intro, 
cellular fluid 

Curve T W E = total water loss=about 
3500 c c at end of 15 days 
Upper stippled area loss of water from 
extracellular compartment =1700 cc 
at end of 15 days , 

Lower stippled areas A, B, C Loss of water 
from intracellular compartment=about 
1800 e c at end of 15 days 
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water loss The volume of urine is decreased to a minimum by increased 
secretion of antidiuretic hormone (p 54) to preserve as much body water as 
possible , the excretion of electrolyte is raised to maximum (cf p 30) to 
minimize the very harmful increase in tomcity of the body fluids It should 
be emphasized that m so-called simple water deprivation there is not only 
obvious water loss but also additional electrolyte loss for the reason just given 
These facts should be borne in mind when restorative measures are planned , 
chronic water loss is leally water -\-salt loss and must be dealt with by giving 
water+salt 

It is also important to remember that severe 'potassium, depletion accom- 
panies the water and salt loss found in diabetic coma and infantile diarrhoea , 
m these conditions one must not only treat the acidosis with alkalis and the 
dehydration with salines, but must make good the potassium lack by including 
K + m the transfusion fluids (cf p 971) 

As the plasma volume falls with increasing water loss, the venous and 
capillary pressures fall with a resulting decrease m the filtering force which 
drives fluid out of the capillaries Agam, a decrease in the plasma fluid volume 
increases the concentration and thus the osmotic pressure of the plasma 
proteins These two factors tend to keep up plasma volume at the expense 
of the interstitial fluid It must be remembered that determinations of 
plasma volume or of haemoglobin or of plasma protein concentration are not 
a reliable guide to the degree of water deprivation because the plasma volume 
changes last and least (thus maintaining the circulation) , its relative con- 
stancy masks the larger water changes which are occurring extra-vascularly 
When changes m plasma volume or composition are obvious, the clinical 
state is grave 

(2) Renal Changes in Man — The effects of complete deprivation of 
fluid in man for 4 days have been studied , the diet was otherwise adequate 
m all constituents The renal blood flow remained unchanged .. the volume 
of glomerular filtrate was reduced at most by 20% There was no decrease 
m plasma volume and no hsemoconcentration, presumably because the 
interstitial fluid reserves were called upon The body weight decreased by 
about 3 5 kg The volume of urine was reduced to 30-40 c c per hour , at 
urinary outputs of 30 c c per hour, or under, m man, urea, creatinine, phos- 
phate, total nitrogenous and total non-mtrogenous sohds become maximally 
concentrated This means that larger amounts of the individual urinary 
constituents cannot be ehmmated, should there be need to do so, unl ess 
the urinary volume is increased , conversely, any further reduction of 
urinary output diminishes excretion of solids and so causes their retention 
m the blood (cf p 30) 

(3) Water Deprivation in Infants — These effects of water deprivation 
are especially important m infants owing to the peculiarities of their renal 
function In utero, about half the work of the kidney is done by the placenta , 
at birth the kidney is perhaps not fully developed functionally The urine 
m infants is hypotonic (not hypertomc as it is normally m adults), u an 
excessive volume of urme is needed (by adult standards) to e limin ate a fixed 
amount of sohd The glomerular filtration rate is also low Water deprivation 
or excess fluid loss rapidly leads to retention of urea and NaCl In illness m 
l L? n associate d W1 th sweatmg, diarrhoea, or vomiting, the fluid intake 
should be kept high and the protein mtake restricted to minimize formation 
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of nitrogenous waste products , administration of saline should be avoided 
(unless there is hypochlorasmia) as the kidney may fail to get rid of the extra 
salt 

(4) General Symptoms op Water Lack — The patient complains of 
thirst and weakness , the skm is dry and inelastic , the eyes are sunken , 
later there may be changes m temperament , slight pyrexia may occur The 
volume of urine is reduced and as the excretion of the waste products of 
metabolism contmues, the urine is concentrated with a specific gravity up 
to 1040 (normal 1020) As the decreased plasma volume produces progressive 
circulatory failure the renal blood flow is decreased leading to renal failure, 
incomplete excretion of nitrogenous waste products and their consequent 
retention m the blood When such symptoms are present the loss of body 
weight (due to water loss), is about 6% (equivalent to about 4 litres or 8% of 
total body water) A man who has lost 5-10 L of water is very ill , death 
takes place when the water loss is about 15 L 

In infants water lack is even more severely felt The water reserves of the 
body are proportional to the weight and hence to the volume , the water 
requirements are conditioned by the metabolic rate and are hence propor- 
tional to the surface area It follows that the smaller the individual, the 
greater is his surface area relative to volume, the greater is the disparity 
between his water requirements and his water reserves and the more qmckly 
will water deprivation be felt 

Problem of Thirst — The mechanism of production of thirst is not fully 
understood, but reference may be made to suggestive observations Thirst, 
of course, is severe in conditions of water deprivation Such thirst is not 
merely a mouth sensation, though the mouth is dry , thirst is said to persist 
after anaesthetizing the mouth but it is at once abolished by increasing the 
water content of the body by any route It is common knowledge, however, 
that if a dry mouth is produced by arresting salivary secretion with atropine, 
an unpleasant sensation is produced which many would call thirst , anyway 
there is an urgent call for water for the mouth In simple salt deficiency 
when, as explained, the cells are swollen (their water content is increased and 
the volume of the interstitial fluids is depleted), there is no thirst in man 
or a nim als Animals given hypertonic saline suffer severe thirst and drink 
copiously , in this condition the cells ate shrunken and hypertonic from loss 
of water, but the interstitial fluid volume is greatly increased It would 
seem that the “ feeling ” or “ affect ” (as the psychologists call it) depends 
on the state of the body cells as a whole , how the brain is informed of this 
state is unknown but one may suppose that the altered state of the brain 
itself may contribute to the feehng of thirst It is important, however, to 
recognize that thirst is not a guide to the total ivater content of the body 
though thirst is marked m simple water deprivation , it should be especially 
noted that the equally grave condition of salt lack gives rise to no warning 
sign of thirst 

Other Conditions of Altered Fluid and Ionic Balance —The effects of fluid 
(-{-salt) loss m severe sweating are considered on p 476 , the effects of 
vomiting m pyloric and intestinal obstruction on p 105 , the effects of 
hcemotrhage on p 81 , of exercise on p 53 

The role of the antidiuretic hormone of the pituitary m regulating crystal- 
loid osmotic pressure is considered on p 51 
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Excretion of Urea — The mechanism is illustrated by the following 
experiment 15-30 g of urea are ingested , rapid absorption from the 
intestine takes place and the blood urea rises There is no change in renal 
blood flow or m glomerular filtration rate The total urea excretion m the 
urine rises slowly to a peak (e g from 1 5 to 3 0 g per hour) and then slowly 
dechnes (Fig 43) , the excess urea is gradually eliminated m the course of 
8 or 10 hours There is generally some associated diuresis, e g from a control 
level of 50 c c to a peak of 100 c c per hour , the urea concentration in the 
urme normally always exceeds 2% at some stage m the response and may rise 
to 4 or 4 5% The mechanism of the response is straightforward a rise of 
blood urea leads to the filtration of a larger absolute amount of urea from the 
glomeruli in unit time Thus at the normal blood urea of 30 mg-% and a 
glomerular filtrate of 7 2 L per 
hour (=120 c c per minute), 2 2 g 
of urea are filtered out per hour 
(depending to some extent on the 
volume of urme formed (p 39)) 

40-60% of the urea filtered “ dif- 
fuses back ” into the blood , let 
us assume an average “ back- 
diffusion 55 of 50% , so of 2 2 g 
of urea filtered, 1 1 g is excreted 
m the urme If the blood urea 
rises to 45 mg-% then the amount 
of urea filtered m the glomeruli 
per hour is 3 2 g and the amount 
excreted (i e half) is 1 6 g per 
hour So long as the blood urea is 
elevated the rate of urea excretion 
remains raised, % e the raised blood 
urea “ guarantees ” its own ex- 
cretion Other waste products, 
eg. S0 4 ", creatinine, are excreted 
in a similar way 

The diuresis produced by urea 
is due to the osmotic pressure exerted by the rising concentration of urea 
m the tubular lumen, where it interferes with water reabsorption Urea 
thus retains water in the tubules for its own elimination The maximal 
urea concentration in the tubules is a measure of the power of the tubules 
to reabsorb water agamst osmotic pressure resistance , it forms the basis 
oi the urea concentration lest which is carried out as follows 

The bladder is emptied, and 15 g urea are given by the mouth m 100 c c 
ot v ater The bladder is emptied after 1, 2, and 3 hours The first specimen 
may be dilute because of the diuresis induced The second specimen should 
contain - ^ of urea or over If more than 120 c c are secreted in the second 
hour, the urea percentage m the third specimen is determined Failure of the 
kidney to concentrate urea to 2% m any one of the three samples is evidence 

'?o/ TClia ^efficiency A ormal kidneys (as stated) may concentrate urea to 
4% or over 

Because of its mechanism the diuresis induced by urea is termed tubule 



Fig 43 — Effect of Urea Ingestion on Volume 
of Urme and Urea Excretion m Man 
(Experiment by John Marks ) 

At each arrow Ingest 10 g of urea Note the steady 
progressive diuresis and gradual increase in the 
hourly excretion of urea 

The shaded area represents the maximum and minimum 
output of urme during each hour of the day in a 
period of 28 daj s on a constant water intake 
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diuresis A similar form of diuresis takes place when protein is ingested or 
excess tissue breakdown is taking place Larger amounts of waste products 
(e g urea, sulphate) are formed and their concentration m the plasma, in the 
glomerular filtrate, and in the tubular lumen, rises They are excreted to a 
greater extent and increase the urinary volume by the same mechanisms which 
were considered with reference to urea ingestion As might be expected the 
volume of urine vanes with the protein intale (see John’s Table, p 891) 

The polyuria of diabetes mellitus and other foims of glycosuria is likewise 
due to the excess sugar m the urine acting osmotically and hampering water 
reabsorption (p 921) 

The maximum concentration of urea in the urine is independent of that 
of the salts 

Role of Kidney in Preserving the H+ Ion Concentration op the 
Blood — This subject is discussed in detail on p 94 

Factors Influencing Urinary Volume — The subject has already been 
surveyed fully and is briefly summarized below 

(l) Water drinking (p 57), water deprivation (p 67) and water loss by 
other channels (sweatmg, p 467, vomiting, p 105) 

(n) Salme ingestion (p 62), intravenous salme injection (p 60), excessive 
salt intake (p 63) and salt deprivation (p 64) 

(m) Protein intake (p 70) , diuretic agents in food (e g caffeine, theo- 
phyllene and theobromine) 

(iv) Muscular exercise (p 53) 

(v) Sleep — During sleep the unnary output is decreased , this is attri- 
buted to a depressed state of the circulation, to lowered metabolism and to 
lack of water intake 

(vi) Emotion may inhibit (p 53) or increase the flow of urine , it may 
also increase the frequency of micturition (p 771) 

(vu) Role of posterior pituitary — By means of its antidiuretic hormone 
the neural division of the pituitary controls the daily volume of urine , it 
acts directly on the tubular epithelium increasing the reabsorption of water 
(p 51) 

(vin) Other Endocnnes — Injection of adrenahne (p 728) , adrenal cortex 
(p 955) , thyroid (p 51) , anterior pituitary (p 51) , parathormone 
(p 1007) , diabetes melhtus (p 921) 

(ix) Other Factors -—Haemorrhage (p 83) , traumatic shock (pp 340, 
342) , action of hypertensm (p 351) , essential hypertension (p 354) , 
acidsemia (Figs 54, A, 55) , alkalmmia (Figs 54, B, 56) , renal disease (pp 71 
et seq ) 


KIDNEY FUNCTION IN DISEASE 1 

Tests of Renal Function — 1 Examination op Blood and Urine — 
The urine should he examined with respect to volume, specific gravity, 
reaction, concentration, absolute amounts of the various normal unnary 
constituents, and presence of abnormal constituents like albumin, red cells, 
or casts, and the blood with respect to the concentration of the constituents 
excreted and thus regulated by the kidney including H + ion concentration 
i Peters and Van Slyke, Quantitative Clinical Chemistry, Interpretations, 1931 Fishberg 
Hypertension and Nephritis, 1939 
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(1) Specific Gravity and Urea Concentration Test — The power of 
the kidney to absorb water and do osmotic work is gauged by the specific 
gravity of the urine (p 29) and more precisely by the urea concentration 
test (p 69) which also indicates the ability of the tubular epithelium to 
resist “ back-diffusion ” 

(2) Significance of Blood Values — In considering the effect of renal 
failure on the level of the vanous constituents of the plasma the following 
facts must be borne m mind 

(i) Urea Excietion and Blood Urea Level — As explained on p 69, urea 
is eliminated from the body exclusively by glomerular filtration , the 
amount m g of urea filtered into Bowman’s capsule= glomerular filtrate 
(m L) X plasma urea concentration (in g per L) Of the amount so filtered 
about half returns to the blood by “ back-diffusion ” and the other half is 
excreted m the urme The table below shows the minimal blood urea level 
necessary to eliminate 9, 18, and 36 g of urea daily (resulting from low, 
modest, and high protein intake) at normal and subnormal levels of glomerular 
filtration 


Glomerular Filtrate 

Blood Urea Leve (in mg /100 c c ) necessary to excrete 

Volume 

24 hours 

Fraction of 
Normal 

1 0=Normal 

9 g of Urea 

] 8 g of Urea 

36 g of Urea 

180 L 

90 „ 

45 „ 

22 5 „ 

10 

05 

0 25 

0 125 

10 mg-% 

20 „ 

40 „ 

80 „ 

20 mg-% 
40 „ 

80 „ 

160 „ 

40 mg-% 

80 „ 

160 „ 

320 „ 


At a normal level of glomerular filtration (180 L), 36 g of urea can be 
excreted at a blood urea concentration of 40 mg-% Suppose the glomerular 
filtrate falls to half-volume (90 L) , the amount of urea excreted is similarly 
halved , urea is thus “ retained ” m the blood and its concentration there 
rises When the blood urea has risen to double its original level (80 mg-%) 
the kidneys again excrete 36 g (at the reduced glomerular filtration rate) and 
equilibrium is re-established On the other hand if only 18 g of urea have 
to be excreted, when the glomerular filtrate falls to half, a blood urea level 
of 40 mg-% is adequate to effect full excretion If the urea to be excreted 
is only 9 g , a blood urea level of 40 mg-% is adequate even when the 
glomerular filtrate is reduced to one quarter (45 L) A reduction of glomerular 
filtration (with constant urea production) leads to a rise of urea concentration 
m the blood (and throughout the body fluids), i e there is urea retention 
But tins rise of blood urea is eminently “ useful ” because it automatically 
leads to a larger urea excretion , at an appropriately raised level of blood 
urea a balance between excretion and production can always be struck As 
far as is known a rise of blood urea pe> se is harmless (cf p 74) and as 
urea is freely diffusible it does not disturb the balance between the various 
compartments of body fluid 
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A raised blood urea level must be considered m the light of these facts 
In renal failure the raised blood urea can always be lowered to some 
extent by decreasing the protein intake, the lower blood urea level 
then being adequate to eliminate the smaller amounts of urea which are 
formed 

( 11 ) The Yan Slyke urea clearance test described on p 39 and su mm arized 
U 

m the expression [C„— XlOO] gives a numerical value to the relationship 

between the amount of urea excreted (U m ) and the plasma urea level (P) 
necessary to excrete it As P is the denominator, any increase m plasma urea 
level needed to excrete a given amount of urea lowers the clearance value , 
the fall of clearance value is an index of renal insufficiency 

(m) The normal blood urea value is generally 25-40 mg per 100 c c , 
lower values are, however, not uncommon and are the rule m pregnancy In 
health the blood urea will obviously fluctuate with the protein intake A 
rise of blood urea is a sensitive index of renal failure if the protein intake is 
high , on a low protein intake considerable renal failure may be present 
without the blood urea rising above the upper limit of the normal 

(iv) Blood Urea in N on-Renal Disease — A raised blood urea (m relation 
to the protein intake) probably represents decreased glomerular filtration, 
but the latter need not necessarily be due to renal disease Any condition 
decreasing glomerular blood flow or glomerular pressure decreases glomerular 
filtration The blood urea may thus be raised m litem orrh age (p 84), shock 
(p 343), conditions of water deprivation (p 67), salt deprivation (p 65), or 
combined water and salt loss (e g intestinal obstruction, p 108), over-treat- 
ment with alkali (used “ therapeutically ”), m adrenal insufficiency (p 955), 
m parathyroid hypercalcsemia (p 1007), circulatory failure, or as a result of 
reflex constriction of the renal vessels (p 27) 

(v) Blood Non-Protein Nitrogen (N P N ) — The term non-protein nitrogen 
(NPN) refers to the weight of nitrogen m the non-protein nitrogenous 
constituents of the plasma (i e such substances as urea, mixed ammo-acids, 
uric acid, creatinine) , it is expressed m mg per 100 c c and is normally 
about 20-40 mg [Note that blood urea is expressed as the total weight of 

urea , if the blood urea is 40 mg , then the blood urea nitrogen 1 is g^X 40= 

18 mg , approximately half the blood NPN is thus due to urea N ] The 
plasma N P N is 18-30 mg per 100 c c The determination of the blood urea 
and the N P N gives an indirect indication of the concentration of the nitro- 
genous constituents other than urea The blood urea and NPN usually rise 
and fall together and have the same significance 

The principal non-protem nitrogenous constituents of the plasma other 
than urea are creatinine and uric acid 

Blood Creatinine —The upper normal limit of blood creatmme is 2 mg 
per 100 c c It is thought likely that to excrete the creatmme normally 
made m the body approximately the full normal glomerular filtration volume 
is necessary As creatinine is mainly formed m the tissues at a fairly steady 
rate its blood level is normally very constant Any decrease in glomerular 
filtration would then be immediately reflected in a rise of blood creatmme 

i Urea N/Total Urea=2N/CO(NH 2 ) z =28/60 
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Values of 3-5 mg-% indicate considerable glomerular failure, while values 
over 5 mg-% are of grave omen 

Blood Uric Acid —The normal range is 0 7-3 7 mg per 100 c c (average 
2 mg ) As the urinary uric acid is partly derived from purmes in the food 
(p 897) the blood level will be influenced by the diet, especially m renal 
failure It is claimed (but not explained) that uric acid is the first mtrogenous 
constituent to be retained m nephritis , m uisemia values as high as 27 mg-% 
have been recorded Blood uric acid is, however, also raised m gout (p 898) 
and m conditions associated with excessive destruction of the nuclei of white 
blood corpuscles (leukaemia, pneumonia) 

(vi) Plasma Na+ Cl', K+, and Phosphate —With these threshold substances 
the problem of their excretion by the kidney is quite different from that of 
urea and the other no-threshold substances (see Table) 


Plasma concentration 

Na+ 

Cl' 

K+ 

Phosphate 

(mg /100 c c ) 

Total filtered in 170 L 
of glomerular filtrate 

330 (mg ) 

365 

17 

3 

in g (24 hours) 
Amount normally ex- 
creted m urine m g 

560 (g) 

620 

20 

5 1 

(24 hours) 

5(g) 

9 

22 

1 2 


In the case of Na+ and CT about 99% of the amount filtered is reabsorbed, 
1-2% being excreted Reabsorption is adjusted to maintain the appropriate 
level in the plasma, and is diminished whenever Na+ or Cl' tend to accumulate 
Examination of the data m the Table shows that the volume of glomerular 
filtrate could be reduced to one-fiftieth of normal while permitting full excretion 
r oi these substances A rise of Na + or Cl' level in the blood can never be the 
result of reduced glomerular filtration but only of virtually complete cessation 
of such filtration (or of pathologically increased reabsorption) The K+ intake 
could be excreted at one-fiftli the normal filtration rate and HP0 4 " at one- 
quarter Retention of phosphate and perhaps of K+ (rise m their blood level) 
does occur m renal failure [The effect of parathormone on phosphate 
excretion is considered on p 1003 , for effect of adrenal cortex on Na+ and K+ 
excretion see p 945 ] 

2 Detailed Study of Renal Dynamics — In more refined analyses 
of renal function the following data should be obtained (a) renal plasma 
flow and total blood flow (diodrast clearance value (p 36)) , (b) glomerular 
filtration volume (muhn clearance value (p 35)) , (c) filtration fraction 

(P 27), tubular excietory maximum (T m ), re maximal power of the renal 
tubules to excrete specific substance, e g diodrast (p 40) 

Extirpation of the Kidneys — Latent (Asthenic) Uraemia 1 — 
Removal of one kidney results only in a transient increase m the non-protein 
mtrogenous compounds (N P N ) of the blood If three-quarters of the renal 
tissue is removed, recovery may take place with little change m the blood 
urea and NPN if the protein intake is modest (cf p 71), but on high 
protein diets the blood mtrogen rises 

If both kidneys are removed, or if there is obstruction of both ureters or 
1 Hnrnson and Mason, M edicme, 1937, 16, 1 
3 * 
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of the renal tubules, a clinical syndrome develops to which the term latent 
{asthenic) urcemia is apphed (cf p 183) There is a great increase m the 
non-protem nitrogenous constituents (N P N) of the blood The rise m blood 
urea may sometimes be to as much as 900 mg per 100 c c Ammonia does 
not appear in the blood (it is normally absent from blood) as it is made by the 
kidneys The patient looks ill and cachectic, anaemia develops and body 
temperature becomes subnormal There is a yellowish-grey discoloration of 
the face and hands, and eruptions (vesicular, petechial, or haemorrhagic) 
appear on the skm The mental state is one of apathy, hstlessness, and ready 
fatiguabihty , the patient moves and speaks slowly, dozes frequently, but 
answers intelligently when roused The tendon reflexes are initially exag- 
gerated and later depressed , muscular twitching is common but convulsions 
are rare There is a good deal of gastro-mtestmal derangement, consisting of 
vomiting (which may be copious even when the changes in the blood are 
still slight), colitis, and diarrhoea Respiration becomes deep and sighing 
There is little if any rise of blood piessure, even terminally Deep coma sets 
in a few hours before death, which occurs after 5-7 days 

Mechanism — There is uncertainty as to the mode of causation of the 
symptoms of latent urmmia 

(l) There is surprisingly little evidence that the accumulation of the end 
products of protem metabolism is harmful It is true that if extremely large 
amounts of urea are given by mouth to normal people they prove toxic , 
but an important factor may then be the increased diuresis and resulting 
dehydration Nitrogenous retention without water loss can be produced by 
implanting the ureters into the small intestine , the nitrogenous bodies are 
reabsorbed into the blood When their concentration rises markedly, no 
obvious symptoms are set up Again, there is no close relationship m cases 
of latent uraemia between the blood urea level and the degree of intoxication 

(n) Urea (in uraemia) is present m high concentrations in the intestinal 
mucosa , it is suggested that it may decompose locally to form ammonia 
which is highly irritating and may be responsible for the gastro-mtestmal 
disturbance A urease (capable of splitting urea and releasing NH 3 ) has been 
demonstrated m normal gastric mucosa 

(m) Large doses of creatinine are not toxic 

(iv) There is little change m the blood reaction 

(v) The serum Cl' and Na+ may rise because of retention if the secretion 
of urine ceases, or fall through loss m the vomit or faeces Disturbances m 
the electrolyte balance may produce serious symptoms (cf p 65) 

(vi) Serum K + and phosphate increase as a result of “ retention ” The rise 
m phosphate may secondarily lower serum Ca ++ level Changes m K + and 
Ca ++ balance are known to affect the excitability of nerve fibres, nerve centres, 
and skeletal muscle (pp 520, 523, 1004) 

(vn) Finally some unknown orgamc metabolites may be a factor in 

causing the coma 

Nephritis — The classification employed here is that of Ellis, Evans, and 
Wilson 1 which is based on a follow-up of about 600 eases over a period of 
20 years , 200 of these cases were examined histologically after death They 
divide nephritis into two mam types, % e Type 1 and Type 2 

1 Ellis, Lancet, 1942, l, 34 72 Hadfield and Garrod, Recent Advances m Pathology, 
6th Edn , London, 1947 
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(1) Type 1 Nephritis (diffuse nephritis , glomerulonephritis , inflam- 
matory Bright’s disease) —This condition affects mainly children and young 
adults A history of acute infection, usually of the upper respiratory tract 
is generally obtained The onset is abrupt and accompanied by malaise, 
vomiting, and headache , gross hsematuna is usually found at this stage 
(Edema is present at the onset affecting the face and ankles , it is not pro- 
gressive and is of short duration Hypertension of varying degree is an early 
sign m most cases Over 80% of the cases make a complete recovery , the 
rest either die m the acute stage or pass into a state of chrome nephritis 

In fatal cases the glomeruli throughout the kidneys are affected by a 
specific inflammatory process Initially there is increased glomerular per- 
meability as shown by the passage of blood or albumin m the urme , histo- 
logically the capsular space is filled with exuded leucocytes The capillary 
endothelium of the glomeruli and the epithehum of Bowman’s capsule pro- 
liferate and obstruct the blood flow through the glomeruli This inflam- 
matory renal ischaemia (like experimental renal ischaemia (p 345)) may be 
supposed to cause hypertension by release of excess rerun and consequent 
production of hypertensm (p 349), In cases that do not resolve quickly 
the hypertension m its turn damages the blood vessels, with a special pre 
dileetion for the afferent glomerular arterioles The ischaemia of the kidney 
is aggravated, more renm and hypertensm are formed, and a hypertensive 
vicious circle is set up which (as explained on p 357) leads to progressive 
destruction of the kidneys and death from uraemia, heart failure, or vascular 
accidents 

The renal haemodynamics have not been adequately studied m acute cases 
of Type I nephritis It can be assumed from the pathological changes that 
both the renal blood flow and the glomerular filtrate volume are reduced, 
leading to failure of renal excretory activity The volume of urme is 
reduced, e g to 100 c c or less , the urme contains blood, albumin which has 
leaked out of the plasma as it passes through the glomeruli, and casts from 
the injured tubules Water, electrolytes, and waste products are retained , 
the plasma volume is increased , the blood urea and non-protein nitrogen 
rise , the plasma protein concentration falls It has been observed that in 
cases m which the blood pressure is normal or only slightly raised the volume 
of urme is very small or anuria develops ; the moderate hypertension com- 
monly present thus has some compensatory value m driving blood through 
the affected glomeruli If the hypertension is severe (over 170 mm Hg) 
cerebral changes occur described as hypertensive encephalopathy which are 
probably the result of abnormalities in the blood supply to the brain , the 
symptoms are severe headache, vomiting, excitement, convulsions, blindness, 
and coma 

(2) Type 2 Nephritis ( chronic parenchymatous nephritis , nephrosis) — 
The age distribution is wider than m Type 1, most of the cases occurring 
m adults The onset is insidious without any history of an acute inf ection 
Probably the first indication of the disease is albuminuria , there is no hema- 
turia at the onset Patients usually first seek advice because of the develop- 
ment of OL'dcma, which is invariably present and is progressive, persistent, 
and often very severe About 95% of the patients die of the disease 

In the mdematous phase the distinctive glomerular lesion is a hyaline 
thickening of the basement membrane of the wall of the capillary loops , 
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this anatomical change is associated with greatly increased capillary per- 
meability to protein which leads to the loss of albumin m the urine In this 
phase the renal tubules are characteristically affected the lining cells contain 
large amounts of anisotropic hpide material The oedematous phase may 
persist for years and the patients are very liable to die of secondary infection 
The glomerular change is relentlessly progressive and sooner or later the 
glomerular capillaries become obliterated and hyahmzed The result is renal 
ischmmia with resulting hypertension and renal failure 

The glomerular change m Type 2 nephritis ( i e increased permeability 
with adequate blood flow) accounts for the albuminuria which m its turn is 
indirectly the main cause of the oedema (p 112) The functional results of 
the early tubular changes are unknown 

Other Causes of Renal Injury — As explained on p 356 the commonest 
cause of renal damage is essential hypertension The kidney is also involved 
in a variety of miscellaneous disorders like pyelonephritis or polycystic kidney 
The end result in all forms of renal damage, if the patient survives long 
enough, is progressive obliteration of the glomeruli, atrophy of the corre- 
sponding tubules , renal ischaemia , renal failure , hypertension and its 
usual sequelae , this condition may be called chrome nephritis 

Chronic Nephritis — In this phase of the disease patients generally 
show varying degrees of reduction in renal blood flow and in the volume of 
the glomerular filtrate, depending on the severity of the case Nitrogenous 
retention (raised blood urea and NPN) consequently develops Damage 
to the renal tubules impairs the reabsorption of water , there is polyuria 
and the urme has a low specific gravity Failure to excrete acid radicals 
(phosphate and S0 4 ") may lead to acidsemia , this condition is aggravated 
by the diminished power of the kidney to make NH 3 to neutralize the excess 
acid radicals and by the decreased reabsorption of BHC0 3 Failure to 
reabsorb the normal amounts of Na + and Cl' may cause some salt depriva- 
tion The failure of the NH 3 mechanism involves drainage of fixed base 
from the body As base is being lost there is no rationale for the conven- 
tional low salt diet m this type of nephritis An ample salt intake should 
be provided to preserve the electrolyte pattern of the plasma The plasma 
changes are thus complex and variable Examination of renal function by 
modern methods m chrome nephritis indicates that patients show varying 
degrees of reduction of renal blood flow and of the volume of glomerular 
filtrate, depending on the severity of the case 

Sthenic Uraemia — During the acute phase of Type 1 nephritis or m 
the terminal phases of chrome nephritis or essential hypertension a syndrome 
may develop known as sthenic urcenua, characterized by marked nitrogenous 
retention, dyspnoea, marked hypertension, often epileptiform convulsions, 
and gastro-mtestmal disturbances These findings are due partly to failure 
of renal excretory activity and partly to circulatory disorders 

(1) Blood Changes — These are due to renal failure, and the changes in 
fluid and electrolyte balance resulting from diarrhoea, vomiting, and the 
forms of treatment employed 

(i) There is an increase of the non-protein nitrogen (NPN) from the 
normal level of 25-40 mg-% to 50, 100, or even 300 mg-% , the blood urea 
may be 200 mg-%, the uric acid 5-27 mg-%, and the creatinine 2-40 mg-% 
Exceptionally the level of blood nitrogen may be little altered 
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( 11 ) An increase in serum phosphate and a (consequent) fall m the serum 
calcium (to 6 mg-%) have been noted in some cases , this may be the cause 
of the twitching that occurs, te it is analogous to that seen m tetanij (p 1007) 

(m) In some cases of urmmia there is a considerable “ metabohc ” acideemia 
owing to the renal disturbances described on p 76 , there is consequently 
great hyperpnoea, and a resulting compensatory fall in the alveolar and 
arterial CO, tension (p 456) The acidsemia may give rise to convulsions and 
coma, and further damage the renal tissue If alkali is given m sufficient 
doses to restore the normal blood reaction, the convulsions may cease, con- 
sciousness is restored, and there is improved renal function, as shown by a 
diminished amount of albumin and casts in the urine The improvement is of 
necessity only temporary 

(2) Respiratory Changes — As a result of the poisoned and depressed 
condition of the respiratory centre, Cheyne-Stokes breathing (p 464) and 
paroxysmal dyspnoea (p 463), especially at night, may be present 

(3) Gastro-Intestinal Changes — Vomiting and diarrhoea are common 
Vomiting may in part be of cerebral origin Both disturbances may be 
due to irritation of the mucous membrane of the bowel from the excretion 
into it of some hypothetical poisonous body or the formation of ammonia 
from retained urea (cf p 74) Ulceration of the bowel (colon, lower ileum) 
is often present, and may be associated with bloody stools 

(4) Hypertension and Convulsions — The hypertension m sthenic 
uraemia is not due to the retention of substances normally excreted m the 
urine as it does not occur after double nephrectomy or blocking of the ureters 
(p 74) The hypertension is due to neurogenic or humoral factors, e g 
increased sympathetic activity or pressor substances released by the kidneys 
or other organs 

Convulsions like those seen in sthenic uraemia may occur without signs of 
renal failure in essential hypertension , the syndrome is known as hypertensive 
encephalopathy The convulsions are attributed to cerebral anaemia resulting 
fiom spasm of the cerebral arterioles or obstruction of these vessels by small 
thrombi 

Another factor may play a part m the renal cases, namely cerebral oedema 
and raised intracranial pressure Attention has been drawn (p 59) to the 
resemblance between the symptoms of water intoxication and those of sthemc 
unemia Lumbar puncture m uraemia frequently reveals the cerebrospinal 
fluid to be under increased pressure , after removal of the excess fluid 
temporary improvement may occur One can readily understand how 
cerebral oedema may cause headache, vomiting, loss of sight, convulsive move- 
ments, and coma (p 125) It may also be supposed that hypertension may 
sometimes develop secondarily to the increased intracranial pressure , it would 
then represent an attempt to maintain an adequate cerebral circulation 

Complete renal failure causes death m about 10 days In some cases of 
acute failure there is reason to believe that if the patient could be kept alive 
sufficiently long the kidney might recover its functions , for this reason 
attempts have been made to devise a temporary artificial substitute for the 
kidney It is difficult to assess the value of these somewhat heroic methods 
as spontaneous recovery sometimes occurs after a number of days without 
such treatment The two principal methods used are (i) the “ artificial 
kidney ” , (u) peritoneal lavage 



78 


ARTIFICIAL KIDNEY 


Artificial Kidney — The apparatus consists essentially of 30-45 metres 
of cellophane tubing spirally wound round a cylinder which is rotated m a 
tank of warm “ rinsing ” fluid consisting of a modified Ringer’s solution 
The patient is heparinized and his blood flows from a cannula inserted into 
the radial artery through the cellophane tube whence it is pumped back 
into a vein In this “ kidney ” exchange of diffusible crystalloid substances 
takes place between the plasma and the surrounding rinsing flmd As the 
latter is free from nitrogenous waste products, these diffuse out of the plasma 
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Fig 44 — Results of Treatment with Artificial Kidney 

Upper record Blood urea In mg per 100 c c . , , . 

Lower records Volume of urine in c c and amount of urea In grammes excreted each da> 

The records are from a man aged 38 wlio lind shown signs r ~ " toj 3 w ecUs The blood 

urea on admission was 700 mg-% , blood pressure 120 mm ug 

In the first dialysis 120 litres of blood were circulated thr u uey , 263 g ot urea were 

thus removed and the blood urea fell to 190 rog-% 

nurwc this period the daitu excretion of urea In the urine was otuj about 0 g , , 

The blood urea rose again to 385 rng-% A second dialysis of 72 litres of blood led to the removal of 
96 g of urea The patient died of heart failure (W 3 KolfF, New Ways of Treating Urcemia, 
Churchill, London, 1947 ) 

and are thus “ excreted ” , by suitably modifying the composition of the 
rmsmg fluid the plasma can be made to take up or lose such constituents as 
water, Na+, K+, Cl', or H+ ions Though the blood flow through the machine is 
100-200 c c per minute compared with a normal renal blood flow of 1200 c c , 
it can “ clear ” 80-150 c c of plasma of its urea content, compared with a 
normal renal urea clearance of 75 c c Figs 44 and 45 show that very laige 
amounts of urea can be eliminated by the artificial kidney with a corresponding 
lowering of the initially high blood urea level , other waste products are 
simultaneously got rid of, eg the blood creatinine may fell from 5 4 to 6 
mg~% and the blood uric acid from 9 7 to 2 3 mg- / 0 Kohl' recommends 
that the use of the apparatus be considered when the blood urea exceeds 
1 Kolff, New Ways of Treating Uraemia, London, 1947 , Cleveland Clm Quart , 1950, 
17, 216 
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350 mg-% The great limitation of tlie maclnne is that it is inanimate and 
lacks the power of the normal kidney of sensitively responding to changes 
m blood composition m such a manner as to preserve the constancy of the 
miheu mteneur With the machine all kinds of derangements of fluid and 
electrolyte balance may occur with all their undesirable consequences But 
some lives have been saved by its use 
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Fig 45 — Results of Treatment with Artificial Kidney 
Upper record Blood urea In mg per 100 c c 

Bower records Volume of urine in c o and amount of urea in grammes, excreted each daj 
The records are &om a girl aged 13 who developed acute glomerulonephritis On admission she had 
oedema of the lungs, bronchopneumonia, cjanosis, cardiac enlargement, and an enlarged tender 
liver She was very ill, restless and disorientated Blood pressure systolic 120, diastolic 00 mm Hg 
There had been anuria for a week before admission 

Blood urea on admission, 305 mg-% 34 L of the patient s blood were dialysed through the artificial 
kidney in 4i hours , during this period 45 g of urea were removed The blood urea fell from 265 
to 140 mg-% The flow of urine restarted during the dialysis and progressively Increased The 
patient recovered (W J Kolir, jVnv Ways of Treating Urmrna, Churchill, London, 1947 ) 

Peritoneal Lavage — The rinsing fluid is perfused through the peri- 
toneal cavity at the rate of 1 litre per minute, and diffusion takes place 
between it and the intestinal and peritoneal capillaries This method is much 
less efficient than the artificial kidney, the urea clearance for example being 
only 15 c c per minute , but it has the merit of relative simplicity Even 
with this procedure control of the electrolyte balance by means of frequent 
blood determinations is essential 

PLASMA VOLUME CELL VOLUME TOTAL BLOOD VOLUME 
REGULATION OF BLOOD VOLUME 1 

The measurement of plasma volume, cell volume, and total blood volume 
is described on pp 9 et seq 

Plasma volume regulation is part of the general problem of body water 
regulation Cell volume depends on the number and size of the cells , as 
1929 Rowiltree and Brmvn > Volume of Blood, and Plasma in Health and Disease, Phila , 
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the vast majority are erythrocytes the cell volume depends on the activity 
of the blood-forming system (red marrow) and the blood-destroying system 
(macrophages) Plasma volume and cell volume may vary independently of 
one another and are influenced by quite distinct sets of factors In abnormal 
states large variations m corpuscular volume occur (due to amemia or 
polycythasmia) , these are more compatible with life than changes of similar 
magmtude m the plasma volume The state of the total blood volume depends 
on the accuracy or otherwise with which its constituent parts— plasma 
volume and cell volume — are regulated 

Normal Blood Volume — The volume of the blood m normal subjects 
(male and female) is 70-100 c c per kg body weight , that of the plasma is 
40-60 c c per kg (average 50 c c m males, 48 c c m females) The volumes 
are more closely related to surface area per square metre of body surface 
(cf p 378) the volume of the blood is 2500-4000 c c and of the plasma 
1400-2500 c c (average 1 8 litres m males and 1 6 litres in females) The 
total blood volume is about one-eleventh of the body weight, or 6 litres in 
an average adult 

The blood and plasma volumes vary with age , before puberty, the 
volumes m relation to body weight are below adult standards The blood 
volume increases during pregnancy and falls again after delivery , this fall is 
only partly accounted for by the haemorrhage associated with parturition 

Distbibution op Blood in Different Organs — Few data on this 
subject are available for man The two legs and aims together contain at 
rest about 20% of the blood volume If occluding cuffs are applied to tliree 
of the limbs and distended at diastolic blood pressure, the arterial inflow 
continues but the venous return is stopped , maximal venous engorgement 
of the limbs takes place The additional volume of blood m the limbs may 
be 900 c c This procedure depletes the general circulation of blood and 
produces the effects of a venesection of equal size , it may be employed as 
an emergency measure m cases of congestive heart failure to decrease the 
central venous pressure and the load on the heart (Fig 159, p 275) 

The lung vessels in man contain about one litre of blood This blood may 
serve as a reservoir and be discharged m part into the systemic circulation 
during emergencies , thus after venesection to the extent of 380 c c , the vital 
capacity may increase by 150 c c and the total lung volume by 180 c c owing 
to a decrease in the capacity of the pulmonary vascular bed Conversely, m 
circulatory plethora excess fluid is stored m congested pulmonary vessels 

Regulation of Plasma Volume — This is effected m two mam ways 

( 1 ) By appropriate adjustments between the plasma and the rest of the 
body fluid , 

(n) by adjustments m the volume of urine secreted 

Some relevant general observations on the regulation of the volume of 
fluid m the different compartments, fully discussed elsewhere (pp 55-67), 
may usefully be summarized here 

(1) Simple excess water is stored uniformly throughout all the fluid com- 
partments, with an ultimate uniform fall m the crystalloid osmotic pressure 
of all the body fluids 

(2) Simple water loss leads to a uniform decrease of water content and an 
increase m crystalloid osmotic pressure m all the fluid compartments 

It should be noted that in simple water excess or loss, the plasma volume 
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is “ buffered ” (protected) by all the rest of tbe body fluid Again, as the 
secretion of the antidiuretic hormone is sensitively regulated by the crystal- 
loid osmotic pressure, the response of the kidney to simple water excess or 
loss is prompt and effective, so not only is the volume of the plasma preserved 
but also that of the other body fluids (p 53) 

(3) Simple salt ( NaCl ) excess raises the crystalloid osmotic pressure of the 
plasma and the interstitial fluid , consequently fluid is withdrawn from the 
intracellular mto the extracellular compartment Extracellular fluid in- 
cluding plasma volume increases, while intracellular fluid volume decreases 
In other words, the normal distribution of fluid in the three compartments 
is “ sacrificed ” in the interest of minimizing the rise of crystalloid concentra- 
tion m the extracellular fluid (p 62) 

(4) In simple salt (NaCl) deficiency the reverse changes occur (p 64) 

The renal responses m (3) and (4) are considered on pp 63, 64 

(5) A dminis tration of an isosmotic ( isotonic ) NaCl solution leads to an 
increase m the extracellular fluid volume including that of the plasma As 
there is no change m the crystalloid osmotic pressure of the plasma there is 
no movement of fluid into the intracellular compartment which m this condi- 
tion does not help to protect the extracellular fluid volume (p 60) The 
excess plasma volume is transferred to the interstitial compartment, not by 
crystalloid osmotic pressure changes (for none occur) but owmg to an increase 
m capillary blood pressure and a decrease m plasma protein osmotic pressure 
(p 15) The renal changes are considered on p 60 

The preservation of the relative constancy of the plasma volume m a 
variety of conditions is discussed fully elsewhere as follows 

(l) Effects of water drinking, p 55 

(u) Effects of water deprivation, p 66 

(m) Effects of salt excess, p 62 

(iv) Effects of salt deprivation, p 64 

(v) Effects of intravenous injection of isotomc sahne at different rates, 

pp 59, 61 

(vi) Effects of drinking isotomc sahne, p 62 

(vn) Effects of ingesting or injecting hypotonic or hypertonic sahne, 
pp 126, 127 

The interchange of fluid between the plasma and the tissues at rest and 
during activity is considered in detail on pp 18-21 

Hsemorrhage — The effects of haemorrhage depend not only on the 
volume of blood which is lost, but also on the rate at which this loss occurs 
The compensatory powers of the body are very great, but they take time to 
develop their maximum effect, so that a sudden large haemorrhage is more 
serious than a greater loss spread out over a more prolonged period 

Immediate Effects of Severe Hemorrhage — The effects of a large 
acute haemorrhage m man have been studied by withdrawing 15-20% of 
the blood volume (750-1200 c c ) m 6-13 minutes under carefully controlled 
conditions m professional donors who had been repeatedly bled and were 
thoroughly famihar with the effects of venesection 1 As the bleeding pro- 
ceeded the face turned pale, and the hands became cool and sweaty The 
systohc blood pressure fell by about 10 mm Hg, the diastolic pressure was 
1 Ebert, Stead and Gibson, Arch tnt Med , 1941, 68, 583 



82 CIRCULATORY CHANGES IN HAEMORRHAGE 

unchanged, and the heart rate rose by 15-30 beats per minute , the venous 
pressure fell considerably Five of the six subjects developed signs of circula- 
tory collapse 1-4 minutes after the end of the venesection the blood pressure 
fell markedly, the heart rate was lowered to 36-50 beats per minute and the 
skm colour became ashen grey The subjects felt very weak and vision was 
blurred , they complained of nausea and retching, sweated a good deal, and 
responded slowly to words of command , one subject lost consciousness In 
two of these subjects who were untreated the heart rate remained slow and 
the blood pressure stayed below 100 mm Hg for 30 minutes During the 
next 12 hours their circulation was adequate m the recumbent position, 
though pallor persisted, but if they stood up they fainted After 24 
hours they could get out of bed safely 

Fig 46 enables the sequence of events m 
haemorrhage to be followed 

(1) Blood Volume and Cardiac Output — 
The loss of blood, of course, decreases the 
blood volume , the venous pressure and the 
right auricular pressure fall (e g from 12 to 
7 5 cm saline) , the venous leturn is dimin- 
ished and the cardiac output is reduced ( eg 
from 8 0 to 5 0 litres per minute) 

(2) Blood Piessure and Peripheral Circula- 
tion — The blood pressure varies as the pro- 
duct of the cardiac output and the peripheral 
resistance (p 302) , if all other factors remain 
unaltered halving the caidiac outp ut should 
halve the blood pressure In fact, however, 
the blood pressure only falls by some 10 mm 
Hg , this indicates that the peripheral resist- 
ance has undergone a compensatory increase of 
about 50% This vasoconstriction is due partly 
to diminution of the normal tome inhibitory 
activity of the smo-aortic nerves on the 
vasomotor and adrenaline-secreting centres 1 

1 In addition pressor affeient impulses pass up 
from the cJiemoreceptors which are stimulated by 
anoxia (p 746) [Section of the vagi after a severe 
htemorrhage may therefore causo a marked fall of 
pressure [Fig 188) ] 

Ufa 46 — Circulatory Changes m severe Htemorrhage 
in Man, followed by a Faint (cf Figs 158, 159, 
p 275) 

Records from above downwards are heart rate per minute , 
percent ige change m total peripheral resistance (0 on 
chart ^initial level m subject), systolic blood pressure m 
mm Hg , right auricular pressure in cm of saline , cardiac 
output in litres per minute 

Rapid venesection to 1080 c c in 10 minutes was followed 
by a faint at the point indicated on chart Rote that the 
onset of the faint is associated with a marked fall of blood 
pressure (to 40 mm Hg), slowing of the heart and a great 
decrease in the total peripheral resistance , the last change 
is duo to sudden marked dilatation of the muscle blood 
O 4 8 12 16 vessels (Barcroft, Ldholm, U Michael and Sharpey 

MINUTES Schafer, Lancet, 1044) 
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The vasomotor centre discharges more actively, leading to greater constriction 
of the skm vessels (accounting for the cold pale skin) and the splanchnic 
area, inclu din g the renal vessels , the direct depressor effect of the haemorrhage 
on the blood pressure is thus, for a time, largely kept in check Adrenaline 
secretion is increased and acts peripherally to produce the same effects 

(3) Blood Stores — The spleen contracts m some species (but probably not 
m man), dischargmg red cells stored m its pulp into the circulation The 
pulmonary vessels constrict, expelkng 150-200 c c of blood into the systemic 
circulation (p 80) 

By means of the compensatory reactions described (chiefly those m (2)) 
the blood flow to vital organs hke the bram and heart is kept up to the best 
possible extent under the circumstances 

(4) Heart Rate — The heart rate in hsemorrhage quickens (e g from 70 to 
100 beats per minute) in spite of the associated fall of venous pressure which 
tends reflexly to slow the heart (p 272) , the cardiac acceleration is mainly 
brought about reflexly, via the smo-aortic nerves, by the fall of arterial 
pressure Normal vagus tone is the result of reflex stimulation of the vagus 
centre by afferent impulses m the sino-aortie nerves set up by the arterial 
pressure , the fall of blood pressure diminishes the afferent impulse stream, 
diminishes the stimulation of the vagus centre, decreases vagal “ restraint ” 
of the heart and so produces cardiac acceleration The cardiac quickening 
has no beneficial effect on the cardiac output per minute as the heart cannot 
pump out more blood than it receives , the output per beat falls from 110 c c 
to 50 c c 

(5) Respiration is reflexly stimulated by the fall of blood pressure and 
the anoxia , it becomes rapid, shallow or “ sighing ” m character Because 
of the loss of circulating haemoglobin, hsemorrhage leads to a decrease m 
oxygen-carrying power , but this failure of oxygen transport is less serious 
than the circulatory failure described above Most of the symptoms of 
haemorrhage are rapidly overcome by an adequate transfusion of plasma 
(which does not increase oxygen-carrying power) It may also be pointed 
out that the far greater loss of oxygen-carrying power which occurs m 
severe anaemia {eg pernicious anaemia) is not associated with such grave 
symptoms 

(6) Renal Changes — These are well illustrated by the following example 
In a severe case of duodenal haemorrhage m which the blood and plasma 
volume were reduced respectively to 4 1 and 2 9 litres, the glomerular filtration 
(mulin clearance) was only 25 c c , and the renal plasma flow (diodrast clear- 
ance) 70 c c , per minute The decrease m renal plasma flow is due to the 
decreased cardiac output and lowered arterial blood pressure combined with 
marked renal vasoconstriction , the filtration fraction m the glomeruli m 
the case ]ust recorded was about 0 5 (normal 0 2), indicating selective vaso- 
constriction m the efferent glomerulai vessels (cf p 25) It should be 
remembered that in hsemorrhage there may be constriction or closure of the 
interlobular arteries preventing the blood reaching the cortical glomeruli and 
tubules (p 26), with diversion of the blood flow through the medulla , the 
diodrast clearance may thus give an underestimate of the true renal blood 
flow but it measures the effective renal blood flow well enough (cf p 39) 
Seventeen hours after receiving a blood transfusion of 850 c c , the blood and 
plasma volumes were raised m the patient to 5 4 and 3 8 htres The glomerular 
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filtrate was 55 c c and the renal plasma flow 170 c c After complete recovery 
these latter values were 90 and 810 c c respectively 

The impaired renal circulation resulting from a hsemorrhage leads to a 
great decrease m urme flow and to nitrogenous retention in the blood The 
level of blood urea 1 hour after the haemorrhage was about 100 mg-% , it fell 
gradually to normal as tho renal blood flow rose 

(7) Mechanism of the Faint — When the blood loss is very large the cardiac 
output falls further, but the outstanding event is the failure of the peripheral 
resistance The exact cause is not known, but there is marked dilatation of 
the vessels in the skeletal muscles, leading to a collapse of the blood pressure 
(e g to 40 mm Hg) There is also great cardiac slowing that is as yet un- 
accounted for The diminished blood flow to the brain results in impairment 
or loss of consciousness (fainting) [Cf liccmonliagic shoch, p 341] 

Restoration of the Blood after Haemorrhage — The Table below and 
Fig 47 summarize the changes in the blood during the natural recovery 


Blood Constituent 

' 

Normal 

Initial 

Values 

Remove 
1070 o e 
of blood 

After 

1 hr 

After 

24 hrs 

After 

72 hrs 

Plasma volume (c c ) 

2980 

2430 

2660 

2900 

3360 

Red cell volume (c c ) 

2770 

2250 

2340 

2360 

2120 

Total blood volume (c c ) 

5750 

4680 

6000 

5260 

5480 

Plasma protein (e-%) 

68 

68 

63 

64 

62 

Total plasma protein (a ) 

203 

163 

167 

186 

205 

Added plasma protein (g ) 

— 

— 

4 

23 

42 

Haemoglobin (g-%) 

16 2 

16 2 

15 8 

13 2 

12 2 


process after hsemorrhage First the water, then the plasma proteins, and 
lastly the lost haemoglobin and red blood cells are restored 

(1) Fluid begins to flow into the blood from the tissue spaces almost before 
the haemorrhage is over , after one hour there is some improvement m the 
plasma volume with a corresponding fall (owing to dilution) of the plasma 
protein and haemoglobin concentrations Plasma volume may be fully 
restored in 24 hours and may then rise to higher values to compensate for 
the volume of lost red cells which have not yet begun to regenerate The 
mechanism of restoration of plasma volume is as follows hsemorrhage 
results as stated m a fall of venous pressure (owing to underfilling of the 
vascular bed by the reduced blood volume) and consequently the capillary 
blood pressure falls The balance between the capillary blood pressure and 
plasma protein osmotic pressure is disturbed (p 18) with the result that 
fluid flows into the vessels from the tissue spaces 

(2) Additional giotein begins to appear in the plasma within a few hours, 
and the lost plasma piotem may be replaced within a few days (p 137) The 
restoration of plasma protein may be due to rapid mobilization of reserve 
stores m depots (like the liver) and probably also to fresh plasma protein 
manufacture (m the hver) The return of protein to the plasma keeps up its 
colloid osmotic pressure and so enables the tissue fluid which has entered the 
circulation to be retamed m spite of rising capillary blood pressure 
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(3) The rise m red cell volume is delayed for some days, and then sets m 
as increased activity takes place in the red bone marrow , the effective 
stimulus to the marrow is anoxia resulting from the decreased oxygen- 
carrying power of the blood As the normal blood condition is approached 
the anoxic stimulus becomes progressively weaker and the process of regenera- 
tion correspondingly slows down The red cells and haemoglobin are restored 
m 3-6 weeks if the diet is satisfactory and contains adequate amounts of the 
necessary raw materials (e g iron, protein) (p 194) The total blood volume 
reaches normal value when the corpuscular regeneration is complete 

It is unlikely that contraction of the spleen m man plays any important 
part in replacing the lost circulating cells 

It should be stressed again that immediately after a haemorrhage the total 
haemoglobin content of the blood is reduced, but the haemoglobin percentage 
is unchanged As the plasma volume is restored, the haemoglobin percentage 



Fig 47 — Diagram showing Recovery of Plasma and Cell Volume and Hsemoglobm after 
Hasmorrhage in Man (Wright et al , Lancet, 1938 ) 

The clear columns represent plasma volume and the hatched columns cell volume (m c c per kg ) The 
thick line (Hb) represents hsemoglobm percentage Half the blood was lost Note the rapid 
restoration of the plasma volume and resulting fall In hemoglobin percentage Later there is a slow 
recovery of the cell \olume (and of total blood volume) and of percentage hsemoglobm 


correspondingly falls owing to simple dilution As tbe red cells are regenerated 
the hsemoglobm percentage correspondingly rises (Fig 47) 

If the oxygen lack is very severe, as after a large haemorrhage, the red 
marrow may itself be so adversely affected that tbe process of red cell restora- 
tion may be hampered 

Nucleated red cells may appear m tbe circulating blood during recovery, 
as well as immature cells (reticulocytes) or badly shaped forms (poikilocytes) 
Many small red corpuscles are found, tending to make tbe average diameter of 
the red cells lower than normal The cells may be deficient m hsemoglobm 
(Fig 94, A) 

Aids to Recovery — The full restoration of the plasma volume is hamp- 
ered if the patient is dehydrated and the volume of his interstitial fluid is 
reduced , conversely, it is greatly facibtated if plenty of fluid is available 
from the tissue spaces In cases of emergency, fluid must be introduced 
directly mto the blood vessels so as to maintain an effective circulation 
(1) Saline injected intravenously, though it temporarily replaces the lost 
fluid, is rapidly eliminated, because it dilutes the proteins of tbe plasma , it 
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also lowers the viscosity of the blood For these reasons it does not maintain 
the blood pressure for more than a short time and is useful only as a temporary 
expedient m an emergency (Fig 48) Saline absorbed from the subcutaneous 
tissues or the bowel is very useful and is better letamed, but the effects take 
longer to develop (cf p 62) 

(2) Plasma injected intravenously is retained for a much longer time 
owing to the osmotic pressure of the contained plasma proteins , it raises 
both the plasma volume and the blood pressuie and if given m adequate 
volume it restores the clinical condition practically to normal although it 
provides no oxygen-carrying power (Fig 48) This observation shows that 
the grave effects of haemorrhage are mainly due to decreased circulating volume 



MINUTES 

Flo 48 — Effect of Transfusion on low Blood Pressure following Hemorrhage 

Experiments on Cats Standard severe Initial htomorrhage to lower blood pressure to 30-40 mm Hg 
Inject equal volumes (in different experiments) of citrated whole blood, citrated plasma, saline 
Note varying degrees of recovery of the blood pressure (Schweitzer el at , Lancet, 1D40, n, 507) 

(3) The ideal method is blood transfusion, which provides a fluid of the 
right viscosity and osmotic pressure, and restores the blood volume, blood 
pressure and the oxygen-car lying capacity of the blood to their normal levels 
Two essential precautions must be observed the blood must be kept fluid, 
% e coagulation must be prevented (p 143) , and the compatibility of the 
offered red blood corpuscles must first be determined (p 181) 

Fig 48 shows the relative effectiveness of equal volumes of 0 9% saline, 
plasma, and citrated blood administered immediately after a severe experi- 
mental hemorrhage Plasma (and serum) are only a little less satisfactory 
than blood m restoring the blood pressure permanently , the improvement 
with saline is very transient and the animals rapidly succumb 

Blood Volume in Disease 1 — (1) In nephritis the total volume may be 
decreased if the plasma protein is lowered (decreased plasma volume) or if 
1 Gibson, A nn int Med , 1940-41, 14 204 
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the cell count is reduced (decreased cell volume) In the terminal uraemic 
sta^e of renal disease, marked fluctuations m plasma volume occur owing 
to loss of fluid from vomiting, diarrhoea, or haemorrhage, and from the effects 
of the various therapeutic measures which are so energetically carried out 

(2) In congestive heart failure the total blood volume may increase by 
20-50% m proportion to the severity of the clinical state , both plasma and 
cell volume increase, the latter 
sometimes to a greater extent As 
the condition improves the total 
volume correspondingly declines 
(by 500-1500 c c ), both plasma 
and cell volume participating m 
the change 

(3) In diabetes melhtus with 
marked glycosuria, the plasma 
volume is decreased, probably from 
loss of fluid as a result of diuresis 
This anhydraemia contributes to 
the circulatory failure which may 
develop (cf p 925) 

(4) In some forms of traumatic 
shock there is marked loss of fluid 
into the tissue spaces or of blood 
m the injured areas (p 342) , great 
fluid loss may also occur m hums 
(p 344) and m high intestinal ohsti uction (p 108) In all these conditions 
plasma volume may be reduced The plasma volume is also diminished m 
adrenal insufficiency (p 955) 

(5) In the anaemias the plasma volume may be increased as though to 
compensate for the great decrease in cell volume , this occurs m severe 
pernicious ancemia and m aplastic anaemia The total blood volume may or 
may not be diminished In polycythcemia the blood volume is regularly high 
because of the excessive volume of red cells , the plasma volume is unchanged 
(Fig 49) 



Fio 49 — Plasma Volume, Cell Volume, and 
Total Blood Volume m various Disorders 

The normal values here shown are somewhat lower than 
those set out on p 80 (Redrawn from Haden, 
Bull N Y Acad Med , 1939, 15, 291 ) 


REGULATION OF B+ ION CONCENTRATION [ACID-BASE 
BALANCE] OF BLOOD 1 

Pure water consists almost entirely of undissociated molecules of H 2 0 , 
but very slight dissociation does occur giving rise to hydrogen ions (H+) 
and hydroxyl ions (OH') 2 

H 2 O^H++OH' 

An H+ ion is an H atom minus one (negatively charged) electron , an OH' 
ion is an OH particle which has gained one electron The reaction of any 

1 Haldane and Priestley, Respiration, new edn , Oxford, 1935 Gamble, Extracellular 
Fluid, Harvard, 1949 Singer and Hastings, Medicine, 1948, 27, 223 

2 According to the teachings of modern physical chemistry, hydrogen ions do not 
exist as H+ but as H 3 0+ (i e as H++H 2 0) Fortunately the physical chemists are agreeable 
to the ion being treated as H+ m physiological discussions 
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fluid (i e its acidity or alkalinity) depends on the relative number (not weight) 
of H+ ions and OH' ions , if there are more H+ ions the solution is acid, if there 
are more OH' ions the solution is alkahne Pure water is a neutral solution 
it therefore contains equal numbers of H+ and OH' ions The concentration of 
E + ( cH ) m water is expressed as gramme equivalents of lomc H per litre of 
pure water at 22 C , it is written when so expressed as [TT+] , the value is 

1 °~ 7=: 10’~10nr^ liere m stands for The equivalent weight of H 

is one Therefore [H + ]=10~ 7 means that there is 1 g of H in the ionic form 
m 10 m L of water (or g in 1 L of water) 

The concentration of OH' m water is also 1 g equivalent of ionic OH in 
10 m L, te [OH']=10~ 7 The equivalent weight of OH is 17, therefore 
the weight of OH' in water is 17 g in 10 m L of water But though the 
weight of OH' in water is 17 times as great as the weight of H + the number 
of each present is the same , the use of the gramme-equivalent method of 
notation enables us to compare the relative number of H+ and OH' w hil e 
avoiding the complication of their difference in weight The gramme- 
equivalent notation likewise enables us to compare the number of chemically 
combining units (p 12) 

In all aqueous solutions whatever their reaction the product of [H+] and 
[OH'] is a constant (its value is 10 -14 ) In the case of pure water 

[H+]X [OH']=10 _7 X 10- 7 =10~ 14 

— xSm Xioa = Too mm (see footnote 1) 

It follows that if we know the H + ion concentration of any aqueous solution, 
we can calculate the OH' ion concentration, because the product of the two 
must be 10 -14 We can then compare the H + ion and OH' ion concentration, 
see which is greater and so know the reaction of the fluid 

[H+]=10 -7 , [OH']=10~ 7 — neutral solution 

[H+]=10-° , [OH']=10~ 8 =acid solution , [H+] is 100 times [OH'] 

[H+]=10~ 8 , [OH']=10~ 6 =alkahne solution , [OH'] is 100 times [H + ] 

Note that lowering the size of the index increases the concentration, 10~ 

) being a 100 times greater concentration than 10~ 8 (two3 ) 

A normal (N ) solution 2 of any acid contains 1 g of displaceable hydrogen 
per litre A strong acid dissociates almost completely, so that in the case of 
HC1, for example, a normal solution would contain nearly all its 1 g of 
replaceable H per L in the lomzed form, i e [H+] is approximately 1 [OH'] 

would, of course, be lO -14 A decmormal (0 1 N ) solution of HC1 would contain 
nearly all its 0 1 g of replaceable H per L in the lomc form, i e [H+] is 0 1= 
IQ-i, an a [OH']=10~ 13 Similarly, a normal solution of any alkali contains 
1 g equivalent of OH (17 g OH) per litre A strong alkah dissociates almost 
completely, so that in the case of N NaOH the solution contains (nearly) 
all its 1 g equivalent of OH per L in the lomzed form , [OH']=l, and 

1 Note again that m = million, and m m = million million 

2 A normal (N ) solution of any acid or alkali contains the equivalent weight of the 
substance in 1 L of water Thus N HC1 contains 36 6 g per L , N H.SO, contains 

mol wt g p er p ( NaOH contains 40 g per L 

2 2 
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[H+]=10 -14 Decinormal (01 N) NaOH contains its 0 1 g equivalent of 
replaceable OH in the ionic form, i e [OH']=0 1=10 _1 , [H+]=10 _13 

In the case of a weal acid (or alkali) ionization is very incomplete, and 
only a small proportion of the replaceable H (or OH) of the compound is m 
the ionic form This is illustrated m the Table below 


Degree of Dissociation of Acids and Bases 


Acids 

Percentage 

Bases 

Percentage 


Dissociation 

Dissociation 


01N HC1 

91 0 

01N NaOH 

91 0 


0 1 N Acetic 

1 34 

0 IN NH 4 OH 

04 


OIN Carbonic 

0 17 




Note that decmormal HC1 or NaOH dissociates almost completely (91%) 
A weak acid like carbonic in 0 1 N solution is only dissociated to the extent 
of 0 17% Thus, though decinormal solutions of HC1 and H 2 C0 3 have the 
same amount of displaceable H per litre, they differ enormously m their 
ionic hydrogen concentration Thus the [H + ] of 0 1 N HC1 compared with 

91 

that of 0 1 N H 2 C0 3 is w-jw, ie it is 535 times as great Similarly the 

U l I Q1 

[OH'] of 0 1 N NaOH compared with that of 0 1 N NH 4 OH is — or 228 
times as great 

To avoid the negative indices of the above method, Sprensen has intro- 
duced another nomenclature, that of pH , the letter p signifies that the 
negative exponent to the base 10 is employed (i e pH=— log 10 cH) Thus 


N HC1 [H+]=l =10° pH=0 

0INHC1 „=01=10-i „ =1 

0 01 N HC1 „ =0 01=10- 2 „ =2 

Pure water „ =10 -7 ,, =7 

0 1 N NaOH „ =10" 13 „ =13 

N NaOH „ =10- 14 „ =14 

A solution of pH 7 is neutral , if the pH exceeds 7, the solution is alkaline , 
pH ls less than 7, the solution is acid Most people, however, find it 
difficult to think in terms of negative indices , such people should always 
translate pH values into H+ ion concentration Every rise of 1 m pH means 
owermg the concentration of H + ions to one-tenth its previous value Eig 50 
s ows that a rise of 0 3 in the pH value reduces the H + ion concentration to 
naif , a rise of 0 6 m pH reduces the H+ ion concentration to one-quarter , a 
rise of 0 9m pH reduces the H+ ion concentration to one-eighth 

ormal Blood Reaction — The normal pH of blood (measured electro- 
me ncally) is 7 35-7 45 (mean 7 4) at 37° C , i e slightly on the alkaline side 
° ? 1 eu H a hty The limits of pH compatible with survival are pH 7 on the 
aci side and pH 7 8 on the alkaline side By acidcemia ( acidosis ) is meant 
increased H+ ion concentration of blood beyond the normal hunts By 










ALKALI RESERVE 


dlUlamia (alkalosis) is meant a diminished H+ ion concentration beloiv 
the normal limits 


In tins book the terms acidoemia or alkalcemia (without qualification) are 
as a rule, only used when the change is demonstrable by physical measurement \ 
otherwise the phrase tendency to acidaemia or alkalsemia ” is used 
Ketosis signifies the presence m excess of certain fatty acids 
^hydroxy-butyric acid, CH,CH(OH)CH,COOH 
Acetoacetic acid, CH 3 COCH 2 COOH 

m the blood, irrespective of the blood reaction (cf p 869) 

The allah reserve of the plasma is the bicarbonate content of the plasma 
at the CO, tension present in the arterial plasma (which is the same as m the 


pH 

cH expressed 
asg of H + ions 
per litre 

70 

73 

76 

79 

80 

1 

10 million 

1 

20 million 

1 

40 million 

1 

80 million 

1 

100 million 



Fig 50 — Relationship of Concentration of Hydrogen Ions (cH or [H+]) to pH 
(Graham and Morris, Acidosis and Alkalosis , 1933 ) 


alveolar air , normal C0 2 tension=40 mm Hg) The plasma is equilibrated 
at the appropriate C0 2 pressure and then treated with acid and exposed to 
a vacuum m the Van Slyke apparatus (cf p 416) Suppose that 100 c c of 
plasma give off 63 c c of C0 2 The amount of C0 2 that was present in solution 
is calculated from a knowledge of the CO, pressure and solubility of C0 2 m 
plasma , the normal value is 3 c c per 100 c c Therefore 63—3—60 c c of 
C0 2 were present m the plasma m the combined form, which for all practical 
purposes means as bicaibonate Note that the plasma bicarbonate (per 
100 c c ) is expressed not as a weight, but as the volume of C0 2 which is 
evolved from it 

Volumes of C0 2 (per 100 c c ) are converted into milhequivalents (m Eq ) 
per L by dividing by 2 22 Thus the normal values for plasma are 

Dissolved CO z =3 c c per 100 c c 

=1 35 m Eq per L (as H HCO s ) 

Combined C0 2 =60 c c per 100 c c 

"=27 m Eq per L (as B HC0 3 ) 

(B=Base= almost entirely Na + ) 1 

1 In the text bicarbonate is mitten as BHC0 3 or B HC0 3 , carbonic acid as H 2 C0 3 oi 
H HC0 3 , as seems most appropriate 
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Buffer substances are those which hinder changes in the reaction of a 
fluid The word is derived from a German word meaning tampon, a buffer 
substance being regarded as “ mopping up ” H+ or OH' ions and thus prevent- 
ing them fiom accumulating The mode of action of buffers will be made 
clear later (p 92) 

The chief acid present as such in blood is the C0 2 which is present m 
solution giving rise to H 2 C0 3 which yields H + ions 

H 2 0+C0 2 %H HC0 3 %H++HC0 3 ' 

In addition, plasma protein and haemoglobin exist to some extent m 
blood in the acid form, but their degree of ionization is negligible 

The only alkali present as such in blood is the bicarbonate (BHCO g ) 
Let us assume that the base is Na+, le for B substitute Na + The dissociation „ 
occurs thus 

( 1 ) NaHC0 3 ^Na++HC0 3 ' 

The HC0 3 ' then “ mops up ” H+ ions (derived from dissociation of water) to 
form the weakly dissociating acid, TI 2 C0 3 

( 11 ) HC0 3 '+H+^H 2 C0 3 

Reaction (n) causes further dissociation of water to yield an excess of OH' 
tons , the total reaction can be summarized thus 

(m) Na++HC0 3 , +H++0H'^Na++H 2 C0 3 +OH' 

The essential point to remember is that the presence of bicarbonate increases 
the OH' concentration of the solution, i e increases its alkalinity 

As the reaction of blood depends on the relative numbers of H + and OH', 
and as the principal source of H+ is H 2 C0 3 and the principal source of OH' 
is bicarbonate (BHC0 3 ), then the H + ion concentration varies as the ratio 
of H 2 C0 3 to BHC0 3 (cf p 92) 

Regulation of Blood Reaction — Many factors are normally operating 
to disturb the blood reaction from its normal range , the compensatory 
mechanisms are however so efficient that m health detectable changes m 
blood reaction occur rarely 

Acids are constantly being formed m the body as a result of metabolic 
activity C0 2 results from the oxidation of all foodstuffs , H 3 P0 4 and H 2 S0 4 
from the oxidation of the P and S of ingested protem Lactic acid is formed 
m the muscles during activity, but normally it is disposed of as rapidly as it 
appears In very strenuous exercise, lactic acid is formed m gieater amounts 
than the muscles can deal with, and consequently overflows into the blood 
Under abnormal conditions /3-hydroxybutyric acid, acetoacetic acid, and 
possibly other acids not hitherto recogmzed may appear in the circulation 

Basic radicals hke Na, K, Ca, Mg are taken m large amounts in an ordinary 
diet, especially m vegetable food, and they must be disposed of to prevent 
excessive alkalinity of the blood 

The methods available m the body for maintaining blood reaction are 
of two kinds (l) the physico-chemical processes occurring m the blood , 

(n) the vital reactions of the breathing and the kidneys 

I Physico-Chemical Reactions — These depend on (l) the buffering 
action of the plasma BHC0 3 , (u) methods of transporting C0 2 in forms 
other than H 2 C0 3 (i e non-acid forms) 
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(1) Relation or Plasma Bicarbonate to pH— As explained fp 91) 
blood reaction depends on the ratio of H 2 C0 3 to BHC0 3 (cf Fig 58, A) For 
plasma, the Henderson-Hasselbalcli equation expresses this relationship 
quantitatively 1 

jr r 1 R HC0 3 

! ’ H=61+lo < ! HHCof 

w „ B IIC0 3 CO , 27 

i ormally H mo ~ 3 vols /o-^ m Eq /L=20 

As log 20=1 3 , pH=6 1 + 1 3=7 4 

The following deductions may be drawn from the equation 

/I, , BHC0 3 

(1; As long as j . | j[cq ' rema ms constant, changes in the absolute values 

do not alter pH Thus, if both values are doubled, eg B HC0 3 =120, 
H HC0 3 =6 vols %, or, if both values are halved, eg B HC0 3 =30, H HC0 3 
= 15 vols %, the ratio remains 20 (log=l 3) and the pH remains 7 4 

(n) Diluting the plasma does not alter its pH 

(ni) Any change in either B HC0 3 or H 2 C0 3 alters pH thus increase of 
B HC0 3 or decrease of H HC0 3 produces alkalaenua , decrease of B HC0 3 
or increase of H HC0 3 produce acidserma 

(iv) Unequal changes m B HC0 3 or H HC0 3 alter pH 

(v) Changes m B HC0 3 and H HC0 3 m opposite directions markedly 
change pH 

One example may be given suppose that plasma B HC0 3 is reduced 
to 27, and H HC0 3 remains unchanged at 3 vols % 

RHC0 3:=: 27 log9 _ 095 

HHC0 3 3 y ’ io g y ~ uy& 
pH=6 1 +0 95=7 05 

(2) Buffering Action of Plasma Bicarbonate — When any non- 
volatile acid like lactic, phosphoric, or sulphuric acid enters the blood stream 
it at once interacts with the bicarbonate present in the plasma as follows, e g 

H++I/+Na HC0 3 -+N'a + -pL'+H HCO, 

(Lactic (Sodium % 

acid ) lactate ) 


In the case of lactic acid, sodium lactate and carbonic acid are formed 
The advantage of this reaction to the body is clear Lactic acid is a com- 
paratively strong acid, 1 e an acid which dissociates freely and gives rise 
to many H + 10 ns, and thus makes any solution in which it is present con- 
siderably more acid , it is also a non-volatile acid, % e one which is excreted 
slowly in the urine By the interaction with sodium bicarbonate, lactic acid is 
converted into a neutral salt (sodium lactate) and H 2 C0 3 is liberated Now 
H 2 C0 3 is a much weaker acid than lactic, giving rise to correspondingly fewer 
H + 10 ns , furthermore, it is a volatile acid which is readily eliminated m the 
lungs Sodium bicarbonate has therefore acted as a buffer substance , it has 
cause H + 10 ns to be “ mopped up,” fewer are left in the solution, and the 
reaction of the blood has altered to a much slighter extent than otherwise 
would have been the case That is why the term “ alkali reserve ” was 
introduced to describe the bicarbonate of the plasma (cf p 90) 
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It follows that as long as NaHCOg is present in the plasma, no acid 
stronger than carbonic can exist in the blood as such The above type of 
buffering reaction takes place during very violent muscular exercise (p 439), 
in severe diabetes melhtus (p 924), and m starvation (p 901) 

This reaction alone, without further support, may still permit of con- 
siderable pH changes because as a result BHC0 3 is reduced and H 2 C0 3 is 
simultaneously increased To take an extreme case suppose half the BHC0 3 
is used up liberating 30 vols of C0 2 (as H 2 C0 3 ), then 


B HC0 3 30 

H HC0 3 — 3 +30 = 
pH=6 1 + 0=6 1 (a fatal degree of acideemia) (cf Fig 58, B) 


= approx 1 Log 1=0 , 


In the body the C0 2 evolved is immediately mopped up m the blood by the 
reactions mentioned below (it is chiefly taken up by haemoglobin) and it is 
finally eliminated m the lungs (cf Fig 58, C, D) 

(з) Buffering Action of Blood Proteins (mainly Hemoglobin) — 
The acid which is formed m largest amounts in the body is H 2 C0 3 itself, 
derived ( 1 ) principally as an end-product of normal metabolism (200 c c of 
C0 3 per mmute at rest, up to 4 L in maximal exercise) , (n) from the buffering 
reaction described above 

When more C0 2 is formed, the C0 2 tension m the blood rises, more C0 2 
is dissolved, more H 2 C0 3 is formed, and more H+ ions are liberated If all 
the C0 2 had to be carried from the tissues to the lungs in solution, the 
requisite C0 2 tension would be great, and the rise of H + ion concentration 
serious Most of the C0 2 is however removed from solution (and is then no 
longer present as H 2 C0 3 ) The reactions concerned in this process are fully 
described on pp 414 et seq , but may be summarized thus 

(i) C0 2 combines with the ammo groupings of hsemoglobm to form 
carbamino-haemoglobm. 

(и) CO 2 combmes with the base (K) of haemoglobin to form the alkaline 
substance KHC0 3 

Both these reactions are greatly facilitated by the simultaneous reduction 
of haemoglobin 

How hsemoglobm= haem + globm Haem is an iron-porphyrin , depict it 
as Por Fe++ Globm can be depicted as [n<^QOQ]g] Using these 
symbols the removal of excess C0 2 from solution occurs thus 


CO a + Por 


r /NHj -| 
Fe ++ O a R< 

L X COOK_ 


r< NH ’ 

x COOK_ 
(Oxygenated potassium 
haemoglobinate) 


, r .NH COOHn 

Por Fe ++ R< +KHC0 3 +0, 

L x COOH J 

(Reduced haemoglobin combined with CO, 
in the carbammo form) 


Certain subsidiary reactions (secondary buffering, chloride shift (p 419)) 
help to preserve the reaction of the plasma 

By the conversion of C0 2 mto bicarbonate, an acid (H 2 C0 3 ) is converted 
lr l ° transported as an alkaline substance , thus, when the concentration 
o -tf 2 C0 3 is increased, BHC0 3 is simultaneously increased (though not to 
tlie same proportional extent), and so the BHC0 3 /H 2 C0 3 ratio which deter- 
EMues pH is relatively little altered Direct measurement shows that the 
P ot mixed venous blood at rest is only 0 01-0 02 lower than that of arterial 



ROLE OF BREATHING AND KIDNEYS 


blood Ev en when the blood is completely reduced in the tissues the resulting 
release of large volumes of C0 2 Ion ers the pH by only 012 

In the lungs, all the reactions described are reversed The fall of H+ ion 
concentration v Inch results from the liberation of the dissolved CO is 
compensated by a corresponding decrease of the alkaline bicarbonate 

The physico-chemical reactions are only makeshift reactions By them- 
selves they would only be of exceedingly temporary value It is, of course, 
essential to eliminate finally from the body the acids or alkalis formed as a 
result of metabolism This is done by the vital reactions 

II Vital Reactions — 1 Breathing — The role of breathing m pre- 
serving blood reaction is fully discussed on p 39G , the account given there 
should be carefully studied By suitably adjusting the level of pulmonary 
ventilation the C0 2 liberated from oxidation in the tissues and from buffering 
reactions can be eliminated from the body 

2 The Kidneys 1 — The lungs can deal only with the volatile acid, C0 2 , 
they cannot deal with fixed acid or base It is also desirable m any event 
to have an alternative method of pH regulation breathing has to subserve 
various ends which may be conflicting , thus the hyperventilation induced 
by anoxia actually gives rise to alkalamna (p 400) The kidneys work more 
slowly than the lungs, but when fully in action are extremely effective 
Two renal mechanisms are available (l) the excretion of BH 2 P0 4 , 
B 2 HP0 4 , and BHC0 3 in varying proportions , (h) the formation of NH 3 by 
the renal tubules from amino-acids (ammonium mechanism) 

The reaction of the urine vanes with blood reaction In acidcemia the 
urine is acid (maximal acidity— pH 4 8), acid thus being eliminated In 
alkalamna the urine is alkaline (maximal alkalmity=pH 7 8), alkali thus 
being eliminated Under normal conditions of diet and activity the average 
reaction of urine is acid (pH 6 0), representing an excretion of 70 m Eq of 
acid per day 

(1) Phosphate and Bicarbonate Mechanism — The glomerular filtrate 
contains B 2 HP0 4 and BH 2 P0 4 (in the ratio of 4 1), as well as BIiC0 3 , 
all these substances are present in the same concentrations as m plasma 
In extreme acidcemia practically all the BHC0 3 is reabsorbed in the tubules, 
and all the phosphate is excreted m the acid foim (BH 2 P0 4 ) In extreme 
alkalsemia large amounts of BHC0 3 are excreted and nearly all the phosphate 
is eliminated m the basic form (B 2 HP0 4 ) (Eigs 51, 52) 

(i) Phosphate Mechanism — The phosphate transformations that take 
place m the renal tubules can be summarized as follows 

(a) In acidcemia, the Na 2 HP0 4 m the lumen of the tubule is transformed 
into NaH„P0 4 by losing one Na + , and by gaming one H + ion from H 2 C0 3 
available locally The newly formed acid NaH 2 P0 4 is excreted m the urme, 
additional H + ions thus being eliminated The released Na + is reabsorbed into 
the blood presumably as NaIICO s , thus conserving the reserves of base m the 
body fluids 

(b) In alkalamna the NaH 2 P0 4 m the lumen of the tubule is transformed 
,' n to Na 2 HP0 4 by gaming Na+ from other tubular constituents, eg NaCl 
H+ is released from the NaH 2 P0 4 and is reabsorbed (plus GY) into the blood 
Additional fixed base is thus eliminated and the H + ions of the body fluids 
are conserved 

1 Pitts, el al , J elm Investig , 1948, 27 , 48, 67 , 1949 28 , 36 
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Fig 51 shows that the phosphate mechanism is equally effective in 
excreting acid and base 

Cellular Origin of Urinary Phosphate Buffering Action of Cell Base — 
These questions can be conveniently discussed here, as they aie closely 
related to the regulation of the blood reaction Some of the urinary phosphate 
is derived from the food , much of it, however, is derived from the body 
cells In the case of the red cells, out of a total of 110 mEq/L of base, 
30 m Eq are combined with organic phosphoric esters and only 1 m Eq is 
combined with inorganic phosphate The large phosphate ester anions cannot 
penetrate the cell and are locked mside , the smaller inorganic phosphate ions 


100 



Fig 51 — Relationship of Ratio of BH 2 PO,, to B 2 HP0 4 to pIT 
of Plasma and Urine 

Clear columns BH P0 4 Stippled columns B,HPO, 

The pH value at different ratios is indicated Note values at normal p H 
of plasma (7 4) (.(After Gamble, Extracellular Fluid, Harvard Unn ersity 
Press, 1949 ) 

can move m and out of the cells The normal preponderance of the large 
orgamc over the small inorganic phosphate anions depends on a balance 
being struck between the synthesis of esters (phosphorylation) and their 
breakdown (phosphorolysis) , the normal balance is greatly in favour of the 
synthesis of esters In conditions of acidcemia, however, the equilibrium is 
disturbed and moves m favour of breakdown , the inorganic phosphate thus 
increases m the cells, diffuses into the plasma and can be excreted by the 
kidneys Total red cell phosphate may fall, e g from 30 to 15 m Eq [L 
The phosphate m the cells at pH 7 2 is combined -with two equivalents of 
base (potassium) , when phosphate is excreted m a urine of maximum acidity 
it is excreted as BH 2 P0 4 , i e it is combined with only one equivalent of base 
(B) Consequently, for each equivalent of phosphate excreted m the urine 
there is one of potassium left behind m the plasma This K+ is available 
to combine with those acids which have caused the acidamna, thus the 
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hydrolysis of organic cell phosphate, by causing E> to be released, helps to 
com bat the condition As all the body cells contain large amounts of phosphoric 
esters, it is reasonable to assume that similar contributions of base (EA) are 
made available m acidosis by all the tissues It is important to bear m mind 
that potassium which is freed from the cells may be excreted by the kidneys 
in combination with the noinial acids , hence acidaimia may lead to a 
dangerous degree of potassium depletion of the tissues , this depletion may 
need to be made good by treatment 

In alkalromia, the reverse of these reactions takes place synthesis of cell 
esters is favoured, and total cell phosphate may rise, e g from 30 to 45 m Eq /L 



Fio 52 — Relationship of Carbonic Acid-Bicarbonate 
Ratio to pH of Urine and Plasma 

£T CO, (clear columns) above horizontal line , BHCO 
(hatched) below horizontal line 

Ordinate Left, milllequlvalents per litre (m Eq /L) Right, 
volumes of CO 2 per cent To convert m Eq /L into vol« 
of C0 2 per cent multiply by 2 2 {eg 20 to Eq /L of 
BHCOj = 44 c c ofC02%) 

Figures above H CO, line =p H values Note that average 
urinary p H is 0 0 , normal plasma p H is 7 4 (After 
Gamble, Extracellular Fluid, Harvard University Press, 

1949 ) > 

Extra base is thus withdrawn from the plasma into the cells relieving the 
alkalsemia without altering the pH of the tissues The kidneys need only 
excrete the base which is in excess of the amount used to combine with the 
increased phosphoric esters retained m the cells 

( 11 ) Bicarbonate Mechanism —The bicarbonate mechanism is really 
effective only when compensating for states of alkalsemia (Fig 52) At a 
urinary pH. of 7 8 , the maximal urinary BHC0 3 concentration is attained 
corresponding to over 90 m Eq/L (=over 200 vols % of C0 2 as BHC0 3 ) , 
1 e the BHCO 3 is concentrated m the urine to over three times its normal 
concentration m the plasma , very large amounts of alkah axe thus excreted 
In states of acidsemia the BHC0 3 excretion is negligible, 1 e it is in effect 
completely reabsorbed, no base therefore being eliminated 
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(2) The Ammonium Mechanism — The epithelium of the renal tubules 
manufactures NH S from ammo-acids 1 which are present m the glomerular 
filtrate, the NH, is then passed 


into the lumen of the tubule to 
neutralize acid substances filtered 
out by the glomeruli, forming 
ammonium salts A certain amount 
of fixed base is consequently freed 
and can be transferred from the 


ARTERIAL 



Fig 53 — Diagram illustrating 
Ammonium Mechanism in 
Kidney (David Slome) 



lumen of the tubule back into the 
blood For example lactic acid 
is neutralized m the blood by 
NaHCOg (which is destroyed) to 
form Na lactate , m the tubules it 
reacts with NH 3 made by the kidney 
to form ammonium lactate , the 
Na+ which is freed returns to the 
blood to re-form NaHC0 3 (Fig 54) 
The ammonium mechanism thus 


Fig 54 — Regulation of Reaction of Urine 
in Alan (Experiments by John Marks ) 

The shaded area in each figure represents the maxi 
mum and minimum output of urine during each 
hour of the day in a period of 28 days on a con- 
stant water intake Time, from 7am to 11pm 

A Upper Figure at each arrow ingest 3 g of 
ammonium chloride 

B Loner Figure At each arrow ingest 2 g of 
potassium citrate 

There is an increase m urinary acidity (fall of pH from 
GO to 4 5) in upper figure, and a decrease in 
unnarv acidity (rise of pH from 6 0 to 8 0) in 
loner figure (Citrate is combusted in the body 
to C0 2 and the retained base (K) is converted 
into bicarbonate (KHC0 3 ) ) Diuresis occurs in 
both experiments 


spares the fixed base (and the alkali 
reserve) of the plasma 

The NH 3 mechanism has at its disposal not only all the ammo-acids 
derived from the protein of the food, but when necessary the ammo-acids 


18 okn&ed that the kidney forms NH a most readily from glutamine (the amide of 
glutamic acid) , but as stated, the kidney can liberate NH 3 from amino acids m general 
4 
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of tissue protein also In so far as NH 3 of amino-acids is used by the renal 
tubules for neutrah/ation purposes less is available for urea formation m the 
liver (p 886) , an increase in the excretion of ammonium salts m the urine 
reduces the amount of urea excreted to a corresponding extent 

In conditions of acidsemia the 
kidney makes more NH 3 to deal with 
the excess of acid radicals present , in 
alkalmmia, as ample base is already 
available, the kidney makes less NH 3 or 
none at all The urinary “ ammonia ” 
(it is always present as ammonium 
salt) is thus increased in acidcemia and 
decreased m alkaltemia 

When the urine pH is less than 
6 0, organic acids {e g acetoacetic 
acid, |?-hydroxybutyric acid) can be 
excreted as such, i e their elimination 
does then not involve simultaneous 
loss of base 

J Response of the Kidney to 
Acidaemia and Alkalaemia — This 
is illustrated by the following experi- 
ments 

(l) Ingest NHfil — This salt is 
treated by the liver as though it were 
an ammo-acid , it is deaminized, i e 
_j NH 3 is split off and HC1 liberated 
The NH 3 is converted in the usual 
way into urea , the HC1 induces an 
acidamna The kidney responds by 
excreting a urine of maximal acidity 
(Fig 54, A) with a progressively rising 
NH 4 + content (Fig 55) 

(n) Ingest Potassium Citiate — The 
citrate radical is converted in the body 
to C0 2 , and the freed K+ combines 
with HCOg' to form KHC0 3 , producing 
an alkalaemia The kidney responds by 
secreting a urine of maximal alkalinity 
(Fig 54, B) 

(in) Voluntary Ovei ventilation — 
Alkalaemia is induced because the C0 2 
tension m the alveolar air and con- 



Fig 


55 — Effect of Ingestion of Ammon 
mm Chloride on Urinary Excretion 
of Urea, Chloride, and Ammonium 
salts (After Gamble, Extracellular 
Fluid, Harvard University Press, 
1949 ) 

226 m Eq of Cl' as XH,CI were Ingested daily 

The ordinate indicates the increase In excretion 
or urea, Cl' and NH 4 + in the urine above the 
control values 

The increased urea excretion is due to the NH, 
of the NHjCl being converted into urea 
The released Cl is excreted partly combined 
■with fl.xed base and partly with extra NH 4 + 
made m the renal tubules Note the increased 
urinary excretion of NH 4 + 


sequently m the arterial blood is reduced, lowering the volume of C0 2 
m solution and therefore the amount of H 2 C0 3 and the number of 
H+ ions (i e the ratio H 2 C0 3 /BHC0 3 is disturbed to the alkaline side) 
Fig 56 shows how the kidney responds by excreting a highly alkaline 
urine , the NH 4 + excretion is markedly cut down Similar reactions 
occur when overventilation is produced by anoxia (p 401), by raised 
body temperature (p 478), m cardiac failure (p 461), by lesions of the 
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central nervous system (in the hypothalamic region) (p 717), or even by 
“ simple ” hysteria 


JL 1 

(iv) Effect of Meals — Fluctuations 
m the reaction of the urine take place 
in relation to meals Following the 
first meal the urine commonly becomes 
less acid {alkaline tide), and a few hours 
later it becomes more acid ( acid tide) 
Some workers interpret the alkaline 
tide as a compensatory reaction to the 
alkalaemic tendency produced by the 
secretion (and loss from the blood) of 
the acid of the gastric juice , similarly 
they ascribe the acid tide to the 
acidcemic tendency which results from 
the secretion of the alkaline pancreatic 
juice, succus entericus, and bile (cf 
p 397 and Fig 212) The urinary re- 
action, however, also seems to depend 
to a considerable extent on the kind 
of food taken at the meal, i e whether 
it is predominantly acid- or base- 
producing food 

Pathological Changes in Blood 
Reaction — A deviation of the blood 
leaction to the acid side of the normal 
is called acidcemia or acidosis , a de- 
viation to the alkaline side is called 
alkalcemia or alkalosis Changes m 
blood reaction can also be classified as 
“ metabolic ” or “ respiratory ” 

(l) In “ metabolic ” changes m the 
blood reaction, there is a 'primary 
change m the plasma bicarbonate In 
“ metabolic ” acidsemia there is an 
initial decrease in plasma bicarbonate , 
m “ metabolic ” alkalsemia there is an 
initial increase m plasma bicarbonate 
(Fig 57, A, B, C, D) 

(n) In “ respiratory ” changes m 
blood reaction the change m is 

primary In “ respiratory ” acidsemia 
there is an initial increase m H 2 C0 3 , 
m respiratory ” alkalsemia there is an 
initial decrease in H 2 C0 3 (Fig 57, E, 
F, G, H) 

In all forms of alkalsemia and aci- 
damna compensation is “ attempted ” 
with varying degrees of success by 
appropriate changes in the blood buffers 


< 1 



Fig 


OVERVENTILATION 

5b — Effect of Prolonged Moderate 

i TT. < . • 


- - 

Voluntary Hyperpncea on Alveolar 
Air, Blood and Urine, showing com- 
pensatory reactions to Alkalcemia 
(Grant and Goldman, Amer J 
Physiol , 1920 ) 

Abscissa = Time in min utes 
Ordinates from above downwards 

Plasma bicarbonate expressed as volumes of 
C0 2 per 100 c e 

Alveolar C0 2 tension m mm Hg 
pH of urine la rise m pH means increased 
AH of blood j alkalinity 
Ammonium of urine in m Eq /L 
Forced respiration begins at 10 mins and ends 
at 38 mins (during period indicated bv the 
arrows) At 31 mins , tingling in foot , at 
34 mins , Trousseau's sign present , at 35 
nuns , both hands m spontaneous spasm at 
i Ds ’ S1 S^' s P a sm of feet (see pp 40S 
1005) at 42 mins temporary dizziness and 
trembling of hands on standing up after 
period of forced respiration is over 
Note that pH of blood rises m spite of com 
pensatory reactions of kidney 
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lomnW 1 L htBI f < S Iobm )' the b f ath j n S’ and the activity of the kidneys The 
completeness of the compensation depends on the extent to which any or all 
ot these mechanisms can be brought into play 
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Fig 57 — Relation of Carbonic Acid-Bicarbonate Ratio to p H of Plasma m Metabolic 
and Respiratory Acidosis and Alkalosis, compensated and uncompensated (After 
Gamble, Extracellular Fluid, Harvard University Press, 1949 ) 


Note that in tins Fig , H2CO3 and BHCO3 are expressed is m Eq /L , in Fig 58 they are expressed as 
volumes of CO2 per 100 c c 

I In metabolic changes of Idood reaction Hie change in BHCO 3 is primary 

A' Uncompensated metabolic” acidaimia resulting, eg from ingestion of NH4CI, ketosis of diabetes 
mellitus or starvation, retention of acids in nephritis 
The ‘ metabolic ' ncidomiia has been compensated for , there is a fill in ah eolar and arterial CO2 
tension and in H 2 C0 3 concentration (cf Fig 58, B, C and D) 

Uncompensated ‘ metabolic ’ ’alkaFomia resulting, e g from ingestion of NaHC0 3 or potassium citrate, 
or vomiting , 

The ‘ metabolic alkalvtaia has been compensated for , there is a rise in alveolar and arterial C0 2 
tension and HjCOj concentration 

In respirator!/ changes of blood reaction the change m H 2 00j is primary 

Uncompensated respiratory ' acidemia resulting, e g from breathing air rich in C0 2 , increased 
formation of CO2 as in exercise or failure to eliminate C0 2 because of disorders of breathing or of 
the circulation , 

The respiratory ’ acidjeiflia has been compensated for , there is an increase in plasma BHCO3 
Uncompensated respiratory alkalsemia resulting from oven entilation at rest 
The respiratory alkaUemia is compensated for , there is a decrease in plasma BHCO3 


B 


The legend to Fig 57 should be carefully studied The subject is 
considered further below 

Alkalasmia — In the following conditions there is a tendency to 
alkalsemia (Fig 57, Gr, H , C, D) 
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(1) Excessive breathing at rest, i e breathing m excess of the amount 
necessary to eliminate the C0 2 formed by metabolism (: respiratory alkalcemia 
or alkalosis) , see Figs 56, 57, G-, and p 406 

(2) Increase m the bicarbonate content of the blood disturbing the ratio 
BHC0 3 /H 3 C0 3 to the alkaline side (Fig 57, C) ( metabolic alkalcemia (or 
alkalosis)) This type of alkalsemia occurs in the following conditions 

(i) Ingestion of bicarbonate or other alkali-producing salts, e g potassium 
citrate (p 98) 

(n) A group of conditions associated with vomiting 1 (a) pyloric obstruction 
(p 105) , ( b ) high intestinal obstruction (p 108) , (c) m some cases of infantile 
diarrhoea and vomiting As explained on p 105 there is usually a greater loss 
of Cl' than of Na+ m the vomit , as a result plasma Na+ previously bound 
with Cl' is freed and combines with HC0 3 ' to form NaHC0 3 , alkalsemia 
therefore results 

It should be noted, however, that an increase in plasma BHC0 3 may 
occur in states of acidcemia. which result from CO 2 retention Thus in exercise, 
or when a C0 2 -nch mixture is breathed, the C0 2 tension m the blood rises , 
secondly, by reactions with haemoglobin, BHC0 3 also rises The rise of 
H 2 C0 3 , which is primary, is relatively greater than the rise of BHC0 3 , which 
is secondary , the ratio BHC0 3 /H 2 C0 3 is disturbed to the acid side The 
condition is one of respiratory acidcemia (or acidosis) and as pointed out is 
associated with an increase of BHC0 3 (Fig 57, E) 

Symptoms of Alkal^mia 2 — These are well seen clinically when excessive 
doses of alkali are given in the treatment of peptic ulcer There is loss of 
appetite, headache, irritability and other changes in the mental state, nausea 
and vomiting , there may be aching pains and tvotchi ngjn the muscle s, 
flushing or perspiration and weakness which may pass^Hb^Tstatemf^pfo- 
stration Later tetany develops (cf p 1007) , the breathmg is slow, the pulse 
is rapid, and fits may occur The urine volume vanes (it may be markedly 
reduced) , it is usually alkaline in reaction and renal damage may be indicated 
by the presence of albumin, granular, and hyaline casts, and red and white 
blood cells 3 [Sometimes, however, the urme may be acid, conserving base to 
maintain the crystalloid osmotic pressure while “ sacrificing ” the “ needs ” 
of blood reaction (p 107) ] The plasma bicarbonate is elevated, eg up to 
90 c c % The renal insufficiency which is present leads to an increase m 
the concentration of urea and other non-protein nitrogenous constituents of 
the plasma Death may result in coma, apparently mainly as a result of uraemia 
Post-mortem, the renal tubules may show marked degenerative changes 
Treatment consists m discontinuing the administration of alkali and giving 
NaCl and possibly also acidifying salts like NH 4 C1 (p 98) and NaH 2 P0 4 
Acidsemia — Acidsemia may be present owmg to a diminution of the 
bicarbonate content or to an increase m the H„CO, content of the blood 
(Fig 57, A, B , E, F) 

(1) Primary Reduction of BHCO s — In the following conditions the 
bicarbonate content of the blood is lowered, as it is used to buffer acids which 
iiave accumulated m the body ( metabolic acidcemia (acidosis)) (Fig 57, A) 
The usual responses to acidsemia develop increased pulmonary ventilation, 

1 Burnett et at , J chn Investig , 1950, 29, 169, 175 

2 Cope, Chn Sci , 1936, 2, 2S7 

3 Berger and Binger, J Amer mod Assoc , 1935, 104, 1383 
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lowered alveolar C0 2 tension, acid urine, and increased ammonium content, 
are present 

(i) Tlie ingestion of wood spirit, i e methyl alcohol, which gives rise to 
formic acid m the body 

( 11 ) Ammonium chloride after absorption is de-amimzed m the body NH 3 
is split off and HC1 is left, which enters the blood (p 98) 

(in) Diabetes Melhlus — There is an abnormal accumulation of ^-hydroxy- 
butyric and acetoacetic acids , they are neutralized by the plasma BHC0 3 , 



Fiq 58 — Relationship of Carbonic Acid-Bicarbonate Ratio in Plasma to pH of Plasma 
m Uncompensated and Compensated Acidiemia due to reduction of BHC0 3 (After 
Gamble, Extracellular Fluid, Harvard University Press, 1949 ) 

H,C0, (stippled column) aboie horizontal line, BHCO, (hatched column) helow horizontal line, In 
volumes of CO, per cent ^ ^ 

B. a 0 ™ KetoctlorM? plasma BHCO, to half normal value by addition of acid 

B All the CO, which is released by the decomposition of BHCO, is retained In the plasma as H,cu, 

C AB thereof released by the decomposition of BHCO, is ' blown off ’ ’ by increased pulmonary ventlla 
tlon so that B,CO, remains normal (but BHCO, Is halved) , resulting pH is 7 1 , 

T) All the released CO, Is blown off and In addition, by a further increase In the pulmonary ventilation 
the H,Co! fa ^progressively reduced below Its normal value , pH progressively returns to normal 

the ratio BHC0 3 /H 2 C0 3 is disturbed to the acid side because BHC0 3 is 
reduced and H 2 C0 3 is increased Fig 58 illustrates the sequence of events 
when half the BHC0 3 is used to neutralize the acids In the absence of the 
vital reactions the pH would alter from 7 4 to 6 0 Breathing is, however, 
stimulated , it first eliminates all the excess C0 2 formed by fk® buffering 
reaction in the blood , it then turns out still more C0 2 , thus reducing the 
alveolar COo tension, and therefore the arterial C0 2 tension to below normal 
the ratio of BHC0 3 /H 2 C0 3 is restored approximately to normal The kidney 
then comes into action, a highly acid urine is passed , large amounts of 
NH, are formed to neutralize the acids , fixed base {i e Na ) is reabsor 
helping to restore and preserve the plasma BHC0 3 (see also p 924) 
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(iv) Similar changes on a smaller scale occur m starvation (p 901) 

(v) In nephritis (p 76) and uraemia (pp 77, 456) 

(vi) In cases of infantile diarrhoea and vomiting m which the loss of base 
(cations) m the faeces exceeds that of acid radicals (anions) 

(2) Primary excess of C0 2 (m the form of H 2 C0 3 ) m the blood ( respiratory 
acidcemia or acidosis) occurs (Fig 57, E, F) — 

(i) In experimental breathing of C0 2 -nch mixtures (p 394) 

(u) In Muscular Exercise — The acidamna of muscular exercise is discussed 
on pp 436 et seq In moderate exercise it is due solely to excess C0 2 formed 
by the active tissues In severe exercise lactic acid enters the blood stream, 
decreasing the plasma bicarbonate and so producing a “ metabolic ” acidaemia 
as well 

(m) During sleep the alveolar C0 2 rises because of inadequate pulmonary 
ventilation (p 405) , the urine is highly acid 

(iv) In poisoning with morphine and other narcotics and amesthetics, 
owing to depression of the respiratory centre The pulmonary ventilation 
becomes inadequate and so C0 2 is not eliminated m sufficient amounts 

(v) In heart failure when the pnlmonary epithelium may be damaged 
so that C0 2 cannot diffuse out readily (p 461) 

(vi) In emphysema, where the C0 2 tension m the alveolar air is raised 
This condition is partially but not fully compensated for by an increased 
bicarbonate content of the blood (cf p 459) 

(vii) In obstruction to the mam respiratory passages (p 458) 

In the whole of this group there is, as explained (p 99), a secondary 
increase of BHC0 3 , the acidaemia persists as long as the BHC0 3 does not 
increase to the same extent as the H 2 C0 3 

Laboratory Investigation oe Acidemia and Alkaltemia — In these 
conditions the determination of the plasma bicarbonate is often useful (pp 90, 
92) If it is decreased there is either “ metabohc ” acid senna or “ respiratory ” 
alkalaemia , if it is increased there is either “ metabolic ” alkalsemia or 
“ respiratory ” acidsemia Usually the right conclusion can be drawn from 
a consideration of all the clinical data If doubt persists then the pH of the 
blood must be directly determined 


EFFECTS ON BODY FLUIDS OF OBSTRUCTION OF 
THE ALIMENTARY CANAL 1 

General Considerations — To survive, the body needs oxygen, water, 
electrolytes, and food m appropriate amounts In intestinal obstruction 
there is loss of water and electrolytes m varying proportions, thus disturbing 
both the volume and composition of the body fluids , the fluid which is lost 
from the body may be neutral, acid, or alkaline m reaction so leading to 
alkalremia or acidamna The failure to retam food is of little importance 
from the short-term point of view but becomes mcreasmgly significant as 
the period of obstruction is prolonged If the obstruction is accompanied 
by changes m the state of the intestinal blood vessels there may be loss of 

* G “ m £le> Extracellular Fluid, Harvard University Press, 1949 Cooper, Arch Surg 
1J-S, h, 91S M Iver, Intestinal Obstruction, N Y , 1934 Holt, Lancet, 1939, n, 61 
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plasma or even of whole blood from these vessels into the lumen of the gut 
increasing the difficulties of plasma volume regulation The clinical condition 
is aggravated by pain, vomiting, and the development of infection 

Ihe results of simple salt deprivation and of water deprivation (which 
produces water and salt loss) are described on pp 64, 66 As mentioned on 


Secretion 

Volume c c 

Total NaCl g 

Saliva 

1500 

7 

Gastric Juito 

2000-3000 

15-30 

Bile 

500-1000 

7 

Pancreatic J uice 

500-800 

8 

Succus Entencus 

? 3000 

1 18 


p 6, an immense water and electrolyte turnover takes place in the alimentary 
canal The Table above indicates the daily average volumes of the digestive 
juices which enter the bowel from the blood and which are normally practically 
completely reabsorbed into the blood 

Fig 59 sets out the electrolyte composition of the mam gastro-mtestmal 
secretions and compares it with that of plasma 



Fig 59 — Electrolyte Composition of Plasma, Gastric Juice, Gastric Mucus, Pancreatic 
Juice, Liver Bile and Succus Entencus (After Gamble, Extracellular Fluid, Harvard 
University Press, 1949 ) 

Complete loss of the gastro-mtestmal secretions for 24 hours would deprive 
the body of about 8 L of water or nearly one-fifth of the total body water, 
a loss sufficient in itself to produce a grave clinical condition This water 
loss would be accompanied by the loss of the electrolytes in the juices, the 
net result being the loss of an approximately isosmotic solution of varying 
acid-base balance The total salt loss m a day might be 50 g compared 
with a total salt content in all the body fluids of the order of 100 g (and a 
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daily salt intake of say 10 g ) It should be carefully borne in mind that 
over and above the obvious loss by vomiting, unavoidable fluid losses are 
taking place in the lungs (400 c c ), by insensible perspiration (600 c c ), and 
m the urine (the minimum volume necessary to eliminate the waste products 
from the body is about 500 c c ), or a total of at least 1500 c c If sweating 
is ta kin g place the water loss is even greater If none of the water drunk is 
retamed then the water lost is the volume vomited plus the loss by the other 
routes just indicated (minus the water resulting from oxidation of the food- 
stuffs) The loss of body fluid in intestinal obstruction is not a question of 
simple dehydration, i e simple loss of water , it is a loss of water accompanied 
by loss of electrolytes 

Results of Loss of Gastric Secretion — The mam gastric glands 
(p 775) secrete a fluid which, apart from its enzyme content, is practically 
a 01 N solution of HC1 , gastric mucus and the secretion of the pyloric 
region is alkaline, the contained electrolytes being Na+, Cl', and HC0 3 ' 
The volume of fluid secreted by the mam gastric glands normally far exceeds 
that formed m the pyloric glands Loss of gastric secretion (by vomiting 
or aspiration) leads to loss of water and of Cl', a relatively smaller loss of Na + 
and a variable loss of H + (acid) In complete pyloric obstruction none of the 
water drunk can be retained It must be remembered too that the unavoid- 
able water loss is going on all the time 

(1) Experimental Pyloric Obstruction — In a rabbit with pyloric 
obstruction the loss of water and electrolytes in 36 hours was as follows 

Water lost, 203 c c [initial plasma volume, 83 c c ] 

Changes in Na + and Cl' (in m Eq ) were 

Na + lost, 27 m Eq [initial total plasma Na+ 14 m Eq ] 

Cl' lost, 30 9 m Eq [initial total plasma Cl' 8 5 m Eq J 

As the loss of water, Na + , and Cl', greatly exceeded that present initially in 
the whole plasma it is clear that the interstitial fluid must have been drawn 
upon to a considerable extent As the Cl' lost is greater than the loss of 
Na+, some of the extracellular Na + is freed to combine with free C0 2 (as 
HC0 3 ') to form NaHCO s , thus producing an alhalcemia 

(2) Clinical Pyloric Obstruction — In clinical pyloric stenosis the 
same fundamental changes occur If the composition of the total fluid lost 
(by all routes) were isosmotic, then the crystalloid o p of the extracellular 
fluid would remain unchanged (though its volume is diminished) Under 
these circumstances there would be no withdrawal of intracellular fluid In 
practice the net result clinically is a relatively greater loss of electrolytes than 
of water The extracellular fluid thus becomes hypotonic as well as reduced 
in volume , the plasma shows a marked fall of Cl', a less marked fall of Na + , 
and an increase of HC0 3 ' (as NaHC0 3 ) (Fig 60) Because the crystalloid 
osmotic pressure of the extracellular fluid is reduced, fluid flows into the 
cells, thus further decreasing the extracellular fluid volume The volume of 
the plasma is, however, partly protected by the rise of plasma protein osmotic 
pressure which helps to retain fluid in the blood (note the increase in R m 
Fig 60) which is due mamly to increased protein concentration As the 
plasma volume decreases, the red cell count and the haemoglobin concentration 
correspondingly rise The kidney responds as expected by a reduction in 

4* 
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the volume of urine to the minimal value, by the maximal degree of re- 
absorption of electrolytes and by the secretion of an alkaline unne Ulti- 
mately the kidney fails because of impaired blood supply and the harmful i 
effects of the electrolyte imbalance (chiefly lack of Na+ ions) (cf p 64) 

(3) Gastric Aspiration Plus Water Replacement —Pig 61 illustrates 
an experiment performed m man Continuous aspiration of the gastric juice 
was carried out for several days, water and energy requirements being made 
good by drinking water and a glucose solution The loss is thus of electrolytes 
only of Cl , relatively less Na + , and of (acid), % e there was a depletion 



Fio 60 — Electrolyte Composition of Normal Plasma and the Plasma in Pyloric 
Obstruction, Duodenal Obstruction, and Addison’s Disease (After 
Gamble, Extracellular Fluid, Harvard University Press, 1949 ) 

0 A = organic adds , B= total base , Ket ac =Keto acids 

R= combined concentration of organic acid, phosphate, sulphate, and protein 

Note increase of R in all thTee pathological conditions In ‘ Duodenal Obstruction ’ the Leto acids have 
been depicted separately , to get the comparable value of R the Leto acid concentration should be 
added to the It shown 

of only salt and acid The extracellular fluid became hypotonic (though 
unchanged in volume) and water doubtless flowed into the cells, increasing 
their volume The plasma showed the expected decrease m CT and an increase 
m BHC0 3 (the plasma bicarbonate rose from 65 to 140 c c of CO„ per 
100 cc), there was no hasmoconcentration, showing that the water intake 
was adequate The kidney showed the characteristic failure which results 
from Na+ and CT depletion the volume of urine was reduced to only 500 c c 
daily m spite of a plentiful water intake , although the urine was alkaline 
(as 'would be expected m alkalsemia) the plasma bicarbonate continued to 
rise Nitrogenous excretion was inadequate ( e g the total urea output was 
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decreased) leading to nitrogenous retention (azotemia) tlie blood urea rose 


from 30 mg to 130 mg per 100 c c 
On administration of saline the plasma 
Cr rose to normal, replacing HC0 3 ' , 
the plasma bicarbonate fell and plasma 
Na + doubtless rose Renal activity 
was restored and the retained nitro- 
genous constituents were soon elimin- 
ated, blood urea returning to normal 

Similarly, if a salt-free solution (e g 
a glucose solution) is injected in 
clinical cases of pyloric obstruction m 
sufficient volume to make good the 
water loss, the plasma volume can 
be fully restored and the anhydrsemia 
relieved, but the alkalsemia and (to a 
smaller extent) the renal failure are 
unaffected i 

Acid Urine m Alkalcemia from 
Salt Loss due to Vomiting — In some 
patients an acid urme is passed m 
spite of the alkalsemia The explana- 
tion may be that plasma crystalloid 
osmotic pressure is being sustained at 
the “ expense ” of blood reaction regu- 
lation The excretion of an alkaline 
urme involves the loss of base as 
bicarbonate (BHC0 3 ) (Rig 52) , m 
addition extra base is lost because 
the urinary phosphate is excreted 
mainly m the form of B 2 HP0 4 instead 
of BH 2 P0 4 The loss of this extra 
base lowers the BHC0 3 content of the 
plasma, but its crystalloid osmotic 
pressure also falls , secretion of an 
alkaline urme in states of salt lack 
thus preserves blood reaction at the 
“ expense ” of crystalloid osmotic 
pressure On the other hand, if an 
acid urme is excreted, there is no loss 
of base m the form of BHC0 3 or of 
B 2 HP0 4 , the sulphate and even the 
phosphate may be excreted in the 
urme as ammonium salts As a result 
the plasma BHC0 3 is maintained pre- 
sen mg (as stated above) crystalline 
osmotic pressure at the “ expense ” 
of blood reaction 



Fig 61 — Changes m Blood and Unne 
following Experimental Aspiration of 
Gastric Contents (Nicol, Quart J 
Med , 1D40, 9 , 98 ) 

Adult in clinically normal state (apart from slight 
alkaltomia due to alkali therapy) Aspirate 
1J-2 litres of gastric contents daily for 5 day s , 
sait intake restricted , fluid and glucose gl\ en 
freelv Note fall m plasma Cl , nse m 
blood urea and plasma bicarbonate and 
decreased urine volume On 6th day give 
saline injections blood composition rapidly 
restored to normal 


amoL?<f nf ml™ 1 ^ a hlgbIy alkalme urme containing large 

of BHC0 3 and B 2 HP0 4 is passed and the blood reaction rapidly 
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returns to normal The explanation is as follows : m salt loss due to vomiting 
the fall of plasma Cl' may be greater than that of Na+ , the plasma Na+ 
is thus restored to normal before the Cl' As soon as there is a slight excess 
of Na+ it is excreted as NaHC0 3 , thus restoring the blood reaction 

ARalwmta from Vomiting in Cases of Gastric Achlorhydria —Cases of 
carcinoma of the stomach m which no gastric HOI is being secreted may 
develop alkalmmia if severe vomiting takes place As Na + and CT are being 
lost m equivalent amounts the question arises where the comes from 
with which the extra plasma HC0 3 ' is combined There is no certain answer, 
but possibly m such cases disturbed renal function may lead to more efficient 
reabsorption of Na+ than of Cl' , the surplus Na+ unites with HC0 3 ' to form 
bicarbonate, so producing an alkalmmia 

Simple High Small-Intestine Obstruction —With simple obstruction 
high up m the small intestine, absoiption of saliva, gastric 3 uice, bile, and 
pancreatic juice (and ingested food and water) is interfered with , these 
fluids accumulate above the block and distend the bowel, setting up powerful, 
colicky peristaltic movements and profuse vomiting As is evident from the 
data in the Table on p 101, m a very short time an enormous loss of water 
may occur v hich is probably tbe mam factor responsible for death It should 
be borne m mind that the usual additional fluid is being lost from the body 
in the urine, from the skm (insensible perspiration 600 c c and sweat (p 467)), 
m tbe breath (400 c c ), and in the fames (if any are passed) 

The fluid lost is approximately isosmotic and neutral , as water is being 
lost at the same time by the uncontrollable routes there may be relatively 
more loss of water than of salt , on the other hand, if some ingested water 
is being retained the loss of salt may be the greater Examination of the 
blood (Fig 60) suggests that salt loss exceeds that of water, the changes observed 
being essentially tbe same as m pyloric obstruction, % e (i) fall of plasma 
Cl' (hypochlorcerma) , (u) alLalcemia from increased plasma bicarbonate due 
to Cl' loss exceeding that of Na + , the plasma Na+ being thus freed to combine 
with free C0 2 (HC0 3 ') to form bicarbonate , (m) nitrogenous retention 
(azotcemia) secondary to renal failure The urinary Cl' disappears owing to 
complete absorption of Cl' m the tubules , tbe urinary reaction is usually 
alkaline but may be acid (p 107) 

The intestinal distension referred to above aggravates tbe condition m 
various ways (l) intestinal secretion is stimulated , (u) vomiting is worsened , 
(m) there is interference with the circulation m the gut wall leading to venous 
and capillary engorgement The rise of capillary pressure and the altered 
permeability of the capillary endothelium leads to the escape of large quanti- 
ties of protein-rich fluid into the gut wall When half the length of the 
small intestine is involved a volume of fluid equal to half the plasma volume 
may be lost m this way All the factors enumerated above intensify the 
anhydraemia Signs of dehydration make their appearance when the net 
fluid loss is equal to 6% of the body weight, i e to about 4000 e c , from the 
calculations given on p 104, it is obvious that such a loss can occur with 

startling rapidity 1 , „ . 

The swollen, overstretched intestinal wall loses tone and contractility, 
and finally complete paralysis develops above the level of the obstruction , 
haemorrhages may occur in the gut wall, patches of necrosis develop, and 
1 Aird, Brit J Surg , 1938-39, 26, 418 
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finally perforation may take place At any stage infection may complicate 
tlie issue In advanced cases respiration is depressed owmg to the alkalsemia 
and periods of apnoea may occur , there may be signs of tetany The 
plasma volume is as usual initially well maintained because the fluid loss is 
m large measure borne by the interstitial spaces , but as the anhydrsemia 
becomes worse the plasma volume is substantially decreased, and circulatory 
failure occurs, producing anoxia and cyanosis and aggravating the renal 
failure 

Low Small-Intestine Obstruction — Symptoms develop more gradually 
and are less severe as absorption of water and solutes can take place more 
satisfactorily above the level of the block On the other hand, as intestinal 
distension becomes more marked, local circulatory disturbances develop , 
loss of fluid into the gut wall itself then becomes a serious factor, intensifying 
the anhydrcemia 

Principles of Treatment of Water and Electrolyte Lack — The *" 
essential principle is to determine accurately the nature of the disturbance 
and to take the necessary measures promptly to correct it In clinical condi- 
tions m which varying degrees of depletion of water, Na+ and Cl' and pH 
changes have produced a complex alteration of the electrolyte pattern and 
the fluid volume and distribution, it is found that as soon as enough water 
and salt ( sodium chloride) have been provided to restore renal activity the kidneys 
can be relied upon to restore the electrolyte pattern of the body fluids accurately 
to normal by their own specialized activities 

(1) Simple Water Loss — When practicable give plenty of water to 
drink , in addition inject 5% glucose solution intravenously to produce 
rapid effects the sugar is metabolized (yielding energy) leaving the water 
of the solution to make good the water deficiency Salt (or weak saline) 
should also be given to make good the associated salt lack (p 67) 

(2) Water and Salt Loss — Saline (0 9%) is given by all convement 
routes until CV appears m the urine, indicating that the Cl' content 
of the extracellular fluids is restored to normal Water or a glucose 
solution can then be given to make good any remaining shortage of body 
water 

(3) Simple Intestinal Obstruction — It is clear from what was stated 
on p 106 that administration of water or glucose solution is useless , a 
bicarbonate solution aggravates the pre-existing alkalaenna Saline (0 9%) 
must be given on the lines indicated m (2) Tetany can be relieved by acidify- 
ing procedures, e g inhalation of 5% C0 2 or injection of soluble calcium salts 
(e 9 5% CaClo) Great relief is obtained clinically by contmuous aspiration 
of the gastric and duodenal contents to relieve the vomiting and the intestinal 
distension It should be remembered however that contmuous aspiration 
on these lines, eg for 6 days, may withdraw over 90 g of sodium chloride 
from the body and a very large volume of fluid The water and salt loss so 
produced is just as real as when it results from vomiting, though less spectacular 
and less distressing 

A salt-lactate solution (containing NaCl and Na lactate) is of value in 
states of low plasma bicarbonate , the addition of K.C1 may be useful 1 The 
lactate ion is oxidized freemg the Na+ to combine with C0 2 to re-form NaHC0 3 

1 Butler’s solution contains the following constituents in m Eq /L Na+ 30 K + 15 
Cl', 22 , Lactate', 20 , also HPO/, 3 mg/L , all in 5% glucose (cf p 971)’ 
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(as occurs during the recovery phase after severe muscular exercise 
(p 440) 

Isotonic (1 5%) sodium bicarbonate solution is of value as an emergency 
measure m dangerous degrees of acidosis due to NaHC0 3 depletion until salt 
or salt-lactate solutions can be given 

Obstruction initially associated with Interference with Local 
Blood Supply (Strangulation) —Usually the veins are obstructed 
Capillary engorgement becomes intense , the peritoneum is filled with an 
exudate resembling plasma , the gut lumen is filled with a thick red exudate 
Organisms probferate rapidly in the contents of the bowel and in its wall 
liberating toxins which are probably the cause of death The c lini cal con- 
dition is aggravated by serious loss of plasma or of blood into the bowel 
and the presence of infection After a time the fluid m the bowel becomes 
darker and finally black and exceedingly toxic if injected mtrapentoneally 
into another animal it proves rapidly fatal 

If the terminal part of the ileum is anastomosed to the rectum and the 
intervening isolated portion of the colon is closed, no evidence of intoxication 
appears The lower end of the closed colon is later found filled with a sausage- 
like mass having the appearance and consistency of normal faeces No toxins 
are produced and no symptoms develop 

(EDEMA 

CEdema — By oedema is meant an abnormal accumulation of fluid m the 
intercellular spaces , it occurs physiologically in muscles during, and for 
some hours after, activity Eor clinically demonstrable oedema to occur m 
the skm and subcutaneous tissues the volume of extracellular fluid must 
increase locally by about 10% 

Role of Abnormal Capillary Permeability 1 — Increased capillary per- 
meability to water and dissolved crystalloids speeds up interchanges between 
the plasma and the tissue spaces but does not alter the final distribution set up 
If, however, the capillaries become excessively permeable to protein, plasma 
protein m varying amounts escapes from the plasma into the tissue spaces and 
the normal balance of forces is disturbed As the protein concentration m the 
plasma falls the holding power of the blood for fluid is decreased and so more 
tends to escape , at the same time the protein content and osmotic pressure 
of the tissue-spaces rise leading to greater suction of fluid into the tissue spaces 
and its retention there in excessive amounts, causmg oedema The oedema or 
wheal due to skm injury and mjected histamine is produced m this way 
(p 324) In all forms of oedema the accumulation of fluid m the tissue spaces 
leads to a rise of tissue fluid pressure which tends to check further escape of 
fluid from the blood vessels 

In susceptible subjects, light stroking of the skm may give rise to the flare 
and wheal (urticaria factitia, Eig 196) , the injection of histamine into the slan 
m these cases produces a local response of normal character, indicating that 
there is no state of unusual reactivity of the local vessels It would appear that 
the precursor of histamine, which is present m the skm cells, is excessively 
unstable in this disorder, so that very trivial injuries are sufficient to cause the 
liberation of histamine m sufficient concentration to give the full “ triple 
1 Normal capillary permeability is discussed on p 6 , see also pp 17-21 
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response ” Various poisons taken in the food, or elaborated m the body, may 
also give rise to urticaria, possibly by liberating histamine in the skm (cf 
p 337) 

The pathological varieties of oedema will now be discussed 

Causes of CEdema — 1 Venous Obstruction — Several factors are 
probably involved ( 1 ) Venous obstruction raises venous and capillary 
pressure and thus increases filtration of fluid out into the tissues (u) In 
cases in which the venous obstruction is associated with inflammation of 
the vein wall (phlebitis) or of the surrounding tissue, reflex arterial spasm 
may occur leading, when the lower limb is involved, to a “ white leg ” the 
skm is pale and cold and the pulse in the distal arteries is diminished or 
absent (in) As a result of the changes m the arteries and veins the blood- 
flow to the affected part is slowed down, leading to local accumulation of 
vasodilator metabolites which may increase capillary permeabihty and so 
permit the escape of a fluid excessively rich in protein Some of the metab- 
olites may be osmotically active and thus further increase tissue-fluid 
formation and retention The extent to which these various factors operate 
determines the degree of oedema produced 

2 Cardiac CEdema 1 — In congestive heart failure oedema may be a 
very prominent symptom The mechanisms concerned are vascular and 
renal 

(1) The venous pressure in the median basilic vem m severe cases of 
congestive failure is raised from the normal level of 10-15 cm H 2 0 to 
30-35 cm H 2 0 The capillary pressure must be correspondmgly higher, 
and fluid therefore tends to filter out into the tissue spaces The depressed 
cardiac output fails to maintain an adequate blood supply to the organs , 
cellular metabolism is disturbed and metabolites instead of being rapidly 
removed accumulate m the tissue spaces , the local osmotic pressure rises 
and retention of interstitial fluid follows The oedema fluid contains protein 
m concentrations varying from a trace to 0 5% indicating some, but on the 
whole not greatly mcreased permeability of the capillaries to protein The 
oedema fluid is most readily formed in the dependent parts because there 
the capillaries are subjected to the additional hydrostatic pressure of the 
column of blood (p 17) The oedema is noticed m the ankles m the evemng 
if the patient is walking about, and passes off during the night 

(2) A renal factor is frequently in operation also In a normal person 
the sodium excretion m the urine approximately equals the intake, thus 
keepmg the Na+ concentration in the plasma and interstitial fluid within 
normal limits In congestive heart failure, urinary Na+ excretion is reduced, 
even down to 1% of normal (Fig 62) Owing to Na + retention, water is 
secondarily retamed in the extracellular fluid to preserve the normal osmotic 
concentrations , the flow of urine is corresponding decreased The reasons 
for the failure of Na + excretion are obscure, but the following suggestions 
have been made 

(i) Owing to a reduced renal blood flow, the glomerular filtration rate is 
decreased leading secondarily to retention of sodium In some cases of 
congestive heart failure with marked oedema the measured renal plasma flow 
was 20-30% of normal, and the glomerular filtrate volume 30-50% of normal , 

1 Brod and Fejfar, Quart J Med , 1950, 19, 187, 221 Merrill, J dm Investig , 1946, 
5, 389 , Bull N Y Acad Med , 1948, 24, 607 
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SODIUM INTAKE 

Fig 62 — Sodium and Water Output m 
Congestive Heart Failure (Reaser 
and Burch, Proc Soc ezp Biol 
Med , 194G, 03, 643 ) 

Tho block diagrams compare tlio urine volumo 
(In c c per minute) and sodium excretion 
In a normal subject and a patient with 
congestive heart failure before and after 
administering a mercurial diuretic 
0 H F congcstivo heart failure 
Regular and low normal diet and salt freo 
diet respectively 

Before beginning the observations both the 
normal subject and the patient were given 
200 cc of a 1% solution of 22 NaCl* (u 
sodium chloride containing radio active 
22Na*. half life =3 years) which diffuses 
throughout the body fluids, the rate of 
excretion of 22 Na* in the urine is determined 
with a Geiger counter and is directly 
proportional to total Na excretion 
Urine volume On a normal salt Intake the 
normal subject secretes 2 32 o e of urine 
per minute compared with 0 67 cc in the 
patient , the mercurial diuretic greatlj in- 
creases urine flow in the latter (to 3 6 c c ) 
On the low salt intake the urine volume is 
equally low in both subjects but is again 
increased in the patient by the diuretic 
(from 0 87 to 2 01 c c ) 

If a excretion Note the failure of Na excretion in 
the patient and the enormous increase (from 
6 6 to 493 counts on a normal diet, and 
from 23 to 166 on a salt free diet) produced 
by the diuretic 


tlie filtration fraction was 0 3-0 5% 
winch is suggestive of constriction of 
tlie efferent glomerular vessels (p 25) 1 
But, as explained on p 73, the 
glomerular filtrate must fall to 
negligibly low levels before failure 
to excrete the normal Na + intake can 
occur , such a degree of renal failure 
would be inevitably associated with 
marked retention of nitrogenous waste 
products, which m fact does not take 
place 

(u) More probably, there is a primary 
derangement of tubular function ex- 
pressing itself by an excessive degree 
of Na+ reabsorption, ? e more Na+ 
than normally is passed back into the 
blood from the lumen of the tubules , 
the same mechanism may be respons- 
ible for excess reabsorption of water 
The tubular abnormality may be 
secondary to the local circulatory dis- 
turbance or it may result from some 
endocune disorder, e g excessive secre- 
tion of the antidiuretic hormone or 
of adrenal cortex steroids (p 967) 
Whatever the nature of the tubular 
disturbance it is annulled by the 
administration of the mercurial diuretics 
(Fig 62) A low salt intake reheves the 
condition by arresting the accumulation 
of sodium in the body 

3 Renal CEdema — (Edema occurs 
(l) m Type 2 nephritis ( nephrosis or 
nephrotic syndrome) (p 75) , (n) m the 
acute stage of Type 1 nephritis (p 75) , 
(in) m chronic nephritis (p 76) 

(1) (Edema of Type 2 Nephritis 
(Nephrosis) 2 — As explained on p 75, 
the characteristic renal lesion is hyahn- 
ization of the basement membrane of 
the glomerular capillaries and lipoid 
accumulation m the renal tubules In 
this disease the cedema is severe and 
is often accompanied by effusions into 


i Normal renal plasma flow per mmute is 700 c c , suppose it is reduced to a quart r, 
to 170 cc Normal glomerular filtrate volume per minute is 120 c c .suppose 
s reduced to 40%, ie to 50 c o Filtration fraction (glomerular filtrate/renal plasma 

* )sa ®!L =0 3 (the normal fraction is ~ =0 17) 3 Later, Medicine, 1931, 10, 135 
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the serous cavities In accounting for the oedema the following points have 
to be considered 

( l ) There is a little direct evidence of general renal insufficiency the urea 
clearance test (p 39), urea concentration test (p 69), am m onia formation 
(p 97), blood nitrogen and hydrogen-ion concentration are all normal 
Hypertension, cardiac enlargement, and uraemic symptoms do not develop 

(u) The oedema fluid has a negligible protein content (about 0 1% com- 
pared with 0 6-1% m acute Type 1 nephritis) , this mdicates that general 
capillary permeabihty to protem is not increased 

(m) The volume of urme is greatly reduced and may only amount to a 
few hundred c c daily If water is ingested, or salme given intravenously, 
the excess fluid is excreted in the urine fairly rapidly and completely From 
time to time spontaneous marked diuresis takes place These observations 
suggest that the 'primary trouble is not inability of the kidney to excrete water or 
salt , the volume of urine is diminished because the fluid is retamed in the 
tissue spaces 

(iv) The outstanding urinary abnormality is the excretion of large amounts 
of protein up to 5-20 g per litre of urme daily, and numerous casts — hyaline, 
granular, or epithelial The urinary protein is almost wholly albumin (and 
only to a slight extent globulin), and there is no detectable difference between 
it and the albumin of the plasma from which it doubtless comes One must 
suppose that the permeability of the glomerular capillaries is altered so that the 
smaller albumin molecules escape from the plasma while the larger globulin 
molecules are retained 

(v) The expected changes are found m the plasma The total plasma 
protem concentration is reduced, eg to 3 5-5 3% , there is no evidence that 
this is the result of an increased water content of the plasma The protein 
depletion affects chiefly the albumin which falls from the normal 4% 
to 2 or even 1% , the albumm/globulm ratio is reduced from 1 5-2 to 

0 5-1 1 The globulin of the plasma may sometimes rise above normal 
owing to compensatory regeneration The plasma protem concentration runs 
roughly parallel to the urinary protem loss, but other factors influence it 
too, eg varying degrees of fresh protem formation (which depends partly 
on the diet) The plasma protem osmotic pressure is greatly reduced 

1 g~% of albumm exerts an o p of 6 mm Hg, while 1 g-% of 
globulin exerts an o p of only 1 5 mm Hg 2 The differential loss of plasma 
protem is most serious from this pomt of view, especially as the osmotic 
pressure per 1 g falls as the total concentration falls The normal balance 
between the blood and the tissues is deranged, and excessive amounts of fluid 
(and secondarily of salt) flow into the tissue spaces and are retained there 
The fall of serum-albumm concentration and the associated lowermg of the 
plasma protem osmotic pressure is the chief factor producing the oedema 
(Fig 63) and the effusions into the serious cavities , owing to fluid retention 
m the tissues the urinary output is decreased In nephrosis the critical 
level for oedema is said to be a total plasma protem concentration of 5%, 
and a serum albumm concentration of 2% Attention must principally be 
paid to the latter 

(vi) Salt deprivation tends to decrease the oedema because water cannot 
be retained m the body unless an adequate amount of sodium chloride is 
1 For normal plasma protem values see p 133 2 Cf p 15 
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available to give the normal crystalloid concentration This observation is 
made use of in tioatment 

(vii) There may be other subsidiary factors at work There is a 
marked rise in the plasma cholesterol from 015-0 2 up to 1%, or even 
higher I he basal metabolic rate mav be reduced to 20% below normal 
lhese observations suggest that some tissue abnormality may possibly be 
present too 

CEdema and ascites of an identical kind can be produced experimentally 
m dogs by lowering the plasma protein concentration below 3% by the 
method of plasmapheresis (p 137) This consists m removing whole blood 
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Fig 63 — Relationship of (Edema to Lowered Plasma Protein Concentration due to 
Protein Starvation in Dogs (Weech, Bull N Y Acad died , 1939, 15, 74 ) 

Ordinate concentrations of tnrious proteins in pinsma in g-% Open circles indicate no 
ccdcma present , black circles indicate oedema present Vertical lines in the middle of 
each column represent the range of normal \amtion oedema is eloselj related to serum 
albumin concentration (oedema is commonh present i\hen the albumin concentration is 
less than 2%), to a less extent to total plasma protein (uhen it is under 6%), and not at 
all to serum globulin concentration 

and reinjecting the corpuscles suspended in protein-free Rmger-Locke’s 
solution If this treatment is stopped for a day or two the protein concentra- 
tion rises above 3% as a result of plasma protein regeneration and the oedema 
disappears 

A generous protein intake is advised for nephrotic oedema, the minimum 
being 1 g protein per kg body weight over and above the equivalent of the 
urinary protein loss The ingested protein is of course not directly converted 
into plasma protein but provides the appropriate ammo-acids required for 
large-scale protein regeneration It must be remembered, too, that quite a 
small rise of plasma protein level may make all the difference between 
incapacity and comfort, by markedly modifying the degree of oedema The 
full caloric needs of the patient should also be provided Even the occurrence 
of some nitrogenous retention in the blood is not an indication for limiting 
the protein intake Protein may perhaps also help by stimulating metabolism 
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and by giving rise to urea ■which acts as a powerful diuretic (p 69) , m fact, 
urea may be dehberately administered as a diuretic 

(2) Acute Type 1 Nephritis (Acute Glomerulo-nephritis) — The 
oedema occurs early m the disease and is shght and transient It is suggested 
that the agent which is responsible for the inflammatory changes in the renal 
glomeruh also affects the capillaries generally As m all forms of inflammation, 
capillary permeabihty is increased, leading to escape of protein into the inter- 
stitial spaces with consequent retention of fluid there The protein content 
of the oedema fluid is 0 6-1% 

(3) Chronic Nephritis — The oedema may be due to a number of factors, 
e g retention of electrolytes (Na+, Cl') and water owing to deranged renal 
function and possibly increased capillary permeability 1 

4 Nutritional (Edema — During times of war and famine, when tlie 
amount of food available is insufficient, oedema (without albuminuria) 
develops m many members of the community This occurred commonly m 
concentration and internment camps during the last war The diet generally 
showed multiple deficiencies, being deficient m total calories (e g 1200-2000 
Cal daily), m total protein content (eg 20 g daily) and m several of the 
vitamins (cf pp 1045 et seq ) 

(1) Experimental Protein Deficiency (Edema — Experimentally it 
is found that simple, prolonged, severe, protein deficiency produces loss of 
appetite, great weakness, and oedema , the last symptom is related to a 
great reduction of serum albumm and total plasma protein, and not at all 
to the concentration of serum globulm (Fig 63) The oedema is attributed 
to the lowered plasma protein osmotic pressure (as m nephrosis, p 113) 
If adequate amounts of protein are added to the diet, recovery ultimately 
occurs but improvement is slow owing to the poor appetite and perhaps 
also because of impaired liver function which leads to a slow rate of plasma 
protein synthesis (p 137) As the plasma protein osmotic pressure rises the 
oedema disappears, and strength returns 

(2) Clinical Nutritional (Edema — In the light of these results clinical 
nutritional oedema has been generally attributed to the deficient protein 
intake and the lowered plasma protein osmotic pressure , careful studies 
however show that several factors are involved 

(l) Blood examination showed the following average plasma protein 
concentrations in g-% m normal and malnourished groups of subjects 


Normal British 
Internees without oedema 

with shght oedema 
„ moderate oedema 
,, severe oedema 


I 0 g-% 
6 2 „ 

5 1 „ 
51 „ 
18 „ 


The serum albumin m cases with oedema was 2 6-3 8% In individual cases, 
however, the plasma protein or serum albumin level was not precisely related 
to the presence or the degree of oedema , in other words no critical plasma 
osmotic pressure level was tound to be associated with oedema 

(u) Rest in led without any change m the diet has a remarkable beneficial 
effect The oedema may disappear m 2-4 days , during this period the 
body weight may decline by 3-7 kg owing to the elimination of excess 
1 The causes of ascites in portal obstruction are considered on p 822 
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extracellular fluid The volume of urme passed m the hrst 48 hours may 
amount to ten litres , large amounts of CT are excreted at the same time 
even up to 45 g During this period, even on a full diet, the plasma protein 
may show no regular change On getting up and doing some work, Cl 7 and 
water are retained and the oedema returns 

(in) The degree of cluneal (i e subcutaneous) oedema is not always a 
reliable index of the amount of fluid retained because the fluid may be 
differentially stored in the internal organs, eg m the brain, mediastinal, 
perirenal or retroperitoneal tissues 

(iv) The astonishing effects of rest and exercise suggest that a renal factor 
is involved It is possible that (as m congestive failure) there is some 
disorder in tubular function which is aggravated by exercise , one recalls 
that exercise calls forth a secretion of antidiuretic hormone (p 53) which 
actively stimulates the reabsorption of water 

(v) The oedema which develops in the course of marasmus and gastro- 
intestinal disorders of infancy and m cachectic states may be due to similar 
mechanisms 1 

Beri-heri (Edema — In clinical wet beri-ben resulting from vitamin-Bj 
deficiency, severe generalized oedema may be present , recovery occurs in 10 
days on adding 2 mg of -B x to the daily diet This recovery also is associated 
with a greatly increased volume of urine The factors responsible for the 
oedema of ben-ben have not been adequately analysed 

5 Inflammatory (Edema (see p 222) 

6 Lymphatic Obstruction, eg from growth, parasitic worms, may 
give rise to marked oedema which must be attributed to interference with the 
removal of tissue fluid This is not altogether a satisfactory explanation, 
as under normal resting conditions the tissue fluid can be satisfactorily 
removed by the venous blood alone 

Pulmonary (Edema 2 — Certain peculiarities of the pulmonary circulation 
must be borne in mmd In man, the normal pulmonary arterial diastolic 
pressure is on an average, 8 mm Hg , the pressure in the pulmonary 
capillaries is 2-8 mm Hg Thus throughout the length of the pulmonary 
capillaries the blood pressure is substantially less than the osmotic pressure 
of the plasma proteins , there is consequently no tendency for fluid to escape 
from the pulmonary capillaries into the neighbouring tissues, including the air- 
sacs As a result the air passages are normally kept dry except for the water 
vapour which is given off by the blood and saturates the respired air (p 364) 

Fluid can escape from the pulmonary capillaries into the air-sacs in two 
sets of circumstances 

( 1 ) When the pulmonary capillary endothelium is damaged its permeability 
increases , plasma protein leaks out and attracts and holds a certain volume 
of excess fluid in the extravascular spaces including the air-sacs 

(n) When the pulmonary capillary blood pressure exceeds the plasma 
protein osmotic pressure of 25 mm Hg excess fluid is filtered out from the 
blood into the air-sacs Sometimes both factors (l) and (n) axe simultaneously 
involved 

The fluid which enters the lungs is beaten up into a froth by the pulmonary 
ventilation and mechanically hinders the flow of air into and out of the depths 

1 See Keys el al , Biology of Human Starvation, Minneapolis, 1950, vol II, 921 

* Cameron, Brit pied J , i , 965 Cf also p 307 
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of the lungs If there is swelling of the pulmonary epithelium gaseous inter- 
change, especially of oxygen, is interfered with , anoxia develops leading 
ultimately to respiratory arrest The volume of fluid lost from the plasma 
into the lungs may m extreme cases be so large as to produce hsemoconcentra- 
tion Some of the oedema fluid drains away m the pulmonary lymphatics , 
but as the rate of flow along these vessels is slow they cannot cope with rapidly 
formed exudates When the permeability of the pulmonary capillaries is 
increased, intravenous infusion of plasma (to make good the fluid loss) merely 
leads to a further rapid escape of fluid from the blood, aggravating the 
pulmonary oedema 

If saline is mtroduced mto the lungs it is rapidly taken up into the blood 
owing to the suction action of the osmotic pressure of the plasma proteins 
On the other hand, plasma mtroduced mto the lungs is absorbed slowly, 
persisting for days Similarly, protem-nch oedema fluid or inflammatory 
exudate in the air-sacs (such as is formed m pneumonia) clears up only 
gradually 

The common chmcal and experimental causes of pulmonary oedema are 
as follows 

(1) Conditions associated with Increased Pulmonary Capillary 
Permeability — (1) Inhalation of irritating gases like phosgene, mustard 
gas, or lewisite vapour, ammoma vapour, and many irritating smokes all 
these act directly on the lung tissue with which they come in contact 

(n) Absorption mto the blood of chemicals like iodides, thiourea, or 
methyl salicylate which have a selective injurious action on the pulmonary 
capillaries 1 

(in) Neurogenic (Edema — Pulmonary oedema commonly occurs as a 
terminal event m lesions of the central nervous system Experimentally 
raised intracramal pressure may induce an oedema which is partially or 
wholly annulled by section of the vagi It is suggested that changes m the 
central nervous system may lead to a discharge of impulses along nerve paths 
(possibly the vagi) to the pulmonary capillaries increasing their permeability 
and so leading to the escape of a protem-nch oedema fluid 

(2) Circulatory Failure — (i) In chronic congestive heait failure (p 460) 
the left auricular pressure rises and as a result the pressure m the pulmonary 
veins and the capillaries also rises, drivmg more fluid out into the air-sacs 
It should be remembered that these pulmonary vessels are very distensible 
so that a large increase m their blood content must occur before much 
change of pressure takes place As the oedema fluid is rich m protein there 
is probably some associated increased capillary permeability Experimentally 
it is found that when there is some pulmonary capillary damage quite a 
moderate rise of capillary pressure may produce marked oedema 

(n) Acute oedema of the lungs occurs m acute left ventncular failure 
associated with temporary normal activity of the right ventricle leading to 
pulmonary congestion and raised capillary pressure (p 464) In some 
patients with circulatory disorders, the onset of a severe bout of coughing 
may likewise induce pulmonary oedema by obstructing the venous outflow 
from the lungs (p 463) In grave cases both lungs are entirely filled with 

1 Certain agents act selectively on capillaries elsewhere , e g para-phenylene diamine 
produces cedema of the head and face , cestrogens act on the sexual skm m certain 
monkeys 
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mouth 1 an ^ P 0SS1 ^^ hlood-stained, fluid may pour out of the 

(3) Massive Intravenous Intusions or Saline may induce pulmonary 
oedema If there is an associated rise of pulmonary venous pressure the 
oedema is presumably due to tins cause , but the oedema may occur m the 
absence of this factor The explanation is then unknown 


THE CEREBROSPINAL FLUID 1 

The cerebrospinal fluid is considered here because it is a subdivision of 
the extracellular fluid As examination of the cerebrospinal fluid is an 
important routine of clinical medicine, it is essential to have a clear conception 
of its physiology and anatomy 

Anatomy — The central nervous system is enveloped by the meninges 
from without inwards these are termed dura, arachnoid, and pia The dura 
consists of fibrous tissue lined by endothelium Separating it from the 
arachnoid is the subdural space, which contains a small amount of fluid 
resembling lymph (Fig 69) The dura ends at the lower border of the second 
sacral, the spinal cord at the lower border of the first lumbar vertebra The 
spinal theca can therefore be punctured in the lower lumbar region without 
fear of mjuiy to the cord 

The arachnoid is separated from the pia by a space of variable size called 
the subarachnoid space, which contains the cerebrospinal fluid The pia 
invests the nervous substance very closely The arachnoid, however, does not 
dip into the sulci or fissures (with the exception of the longitudinal sulcus), 
and invests the spinal cord quite loosely There are also definite dilatations 
of the subarachnoid space called cistemce The cisterna magna [cerebello- 
medullaris] is found m the mteival between tk eTnedul 1 a a n d the under- 
surface of the cerebellum The cist erna p ontis lies on the ventral aspect 
of the pons and contains the basilar artery The c isternajba saks [mter- 
peduncularis] is formed by the arachnoid bridging across the interval 
between the tips of the temporal lobes, and contains the circle of Willis 
[circulus arteriosus] Prolongations of the subarachnoid space extend along 
the sheaths of the spinal and cranial nerves, particularly the optic (p 125) 
The rest of the cerebrospinal fluid lies m the ventricles of the brain The 
ventricles establish a connection with the extraventricular fluid through the 
foramen of Magendie [medial aperture] in the middle line in the inferior part 
of the roof of the fourth ventricle, and the foramina of Luschka [lateral 
apertures] at the extremities of the lateral recesses of this ventricle As the 
arteries and veins enter and leave the bram substance they are surrounded 
by the perivascular spaces, which are continuous at one end with the sub- 
arachnoid space and at the other with the fine spaces which surround the 
nerve cells (see Fig 69) The flow along these perivascular spaces (which 

i Assoc Res nerv ment Dis (Baltimore) Cerebrospinal Fluid, 1924, Intracranial 
Pressure m Health and Disease, 1929 Greenfield and Carmichael, Cerebrospinal Fluid in 
Clinical Diagnosis, London, 1925 Neel, Cells and Proteins of Cerebrospinal Fluid, London, 
1939 Friedemann, Physiol Ret , 1942, 22 125 
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correspond to the spaces containing interstitial fluid in other organs) is 
normally outwards to the subarachnoid space, and they serve to remove waste 
products resulting from cell activity 

Choroid Plexuses — Some arteries (accompanied by a covering of pia) pass 
through the brain substance to reach the lining ependymal layer m the lateral, 
third and fourth ventricles They then break up into complex capillary net- 
works which project into the ventricular cavities and become lined by the 
now much folded ependymal cells The blood vessels and their lining epi- 
thelium constitute the choroid plexuses The epithehum becomes differentiated 
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into cubical cells contaimng mitochondria, granules, and vacuoles, evidence 
that the cells are the seat of active metabolic processes 

Composition — Cerebrospinal fluid is clear, colourless, and alkaline , the 
specific gravity is about 1005 It contains up to 5 lymphocytes per c mm 
In general its composition resembles that of protein-free plasma, but there 
are significant differences m the concentrations of the individual crystalloid 
constituents The average values for its mam constituents (in mg per 
100 c c ) are as follows (the figures m brackets are those for plasma) Na+, 334 
(330) , K+, 10 6 (17) , Ca++, 5 3 (10 3) , Cl', 436 (365) , HCOg', 105 (150) , 
HP0 4 ", 1 8 (3 0) , S0 4 ", 0 6 (19), glucose, 70 (100) The protein content is 
minute, »e 0 02-0 035 g-% (plasma, 8 0 g-%), equally distributed between 
albumin and globulin The intraventricular fluid is probably free from cells 
and protein, these may be added to the fluid in the subarachnoid space 
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by exudation from the meningeal blood vessels The total volume of the 
cerebrospinal fluid m mams 100-150 c c Wlicn free escape is allowed to 

tbe exterior, the late of formation is 20 o c per hour or about 500 c c 
per day 

Ventriculography *— The anatomical condition of the cerebral ventricles 
can be studied clinically by injecting air into them A small trephine hole 
is made m the skull and a fine needle is passed through a “ silent area ” of 
tne brain into the lateral ventricle , when it is entered, cerebrospinal fluid 
v e s out If the fluid is found to be under excessive pressure it is allowed 
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Fig 65 — Normal Ventriculogram (Lateral View) (Harvey Jackson ) 


to escape till the pressure has fallen to the normal level Air is injected till 
it completely replaces all the fluid and finally fills the ventricles A radiogram 
is then taken m the lateral and antero-posterior positions Figs 64- and 65 
enable a comparison to be made between a cast of the human ventricles and 
a ventriculogram m a normal subject 

Ventriculography is of great value m determining the position, shape, 
and size of the ventricles and the patency of the various communications 
The ventricles may be found to he excessively distended or incompletely 
filled, distorted, or displaced Considerable help may be obtained m this 
way in. the localization of cerebral tumours 

Formation of Cerebrospinal Fluid — Site of Formation — It is formed 
by the choroid plexuses, especially by the large plexuses which are found 
m the lateral ventricles The cerebrospinal fluid passes from the lateral 
1 Loyal Davis, Intracranial Tumours , New York, 1933 
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ventricles through the foramina of Monro [interventricular foramina] into 
the t hir d ventricle, aqueductus Sylvn [cerebral aqueduct], and fourth ventricle, 
and out through the foramina of Luschka and of Magendie into the sub- 
arachnoid space, both cerebral and spinal (Fig 61) The evidence is as follows 1 
(i) If the interior of the lateral ventricle is exposed at operation m man, 
drops of clear fluid can be seen exudmg from the surface of the choroid 
plexus 

(u) Experimentally, if a catheter is introduced into the third ventricle, 
a continuous flow of fluid is obtained On the other hand, if the aqueductus 
Sylvn is occluded, the lateral ventricles become greatly distended by the 
retamed fluid, the condition being called internal hydrocephalus 

(m) When one foramen of Monro is occluded, unilateral hydrocephalus 
(of the corresponding lateral ventricle) results If, however, the corresponding 
choroid plexus is coincidentally extirpated the ventricle remains collapsed 
(iv) Obstruction of the fora min a of Magendie and Luschka results m 
distension of the whole ventricular system 

Mechanism op Formation — Cerebrospinal fluid may be regarded as a 
speciahzed form of interstitial fluid One may consider whether its formation 
can be accounted for m the same way as interstitial fluid elsewhere, 2 % e 
whether it is due to the filtering force of the capillary blood pressure exceeding 
the opposmg (suction) force of the plasma protein osmotic pressure The 
following points should be noted (i) the blood pressure m the capillaries m 
the choroid plexuses is unknown , (u) while the hydrostatic pressure m the 
tissue spaces generally is zero (i e atmospheric pressure), the hydrostatic 
pressure of the cerebrospinal fluid m the ventricles is 5-10 mm Hg For 
filtration to occur m the choroid plexuses, the capillary pressure there must 
exceed the sum, of the two opposmg forces, i e the plasma protein osmotic 
pressure and the intraventricular cerebrospinal fluid pressure It is impossible 
to say therefore whether adequate physical forces are available m the choroid 
plexuses to drive fluid out of the blood vessels into the ventricles The 
capillaries m the plexuses, too, are not lined by a simple, thin endothelium, 
but are covered by a thick, highly differentiated and relatively impermeable, 
cubical epithelium The crystalloid concentrations m plasma and cerebro- 
spinal fluid (p 119) differ m a manner and to a degree which cannot be 
accounted for by the known physical forces 

If cerebrospinal fluid were a simple filtrate its composition should follow 
rapidly and faithfully changes m the plasma This point can be tested by 
injecting intravenously salts contaimng minute “ tracer ” doses of radio- 
active electrolytes and comparing their concentrations at intervals m the 
plasma and m freshly formed cerebrospinal fluid (collected from the cisterna 
magna) Representative results m such experiments after intravenous 
injection of salts containing radio-active sodium ( 24 Na*), radio-active 
potassium ( 42 K*), and radio-active phosphate ( 32 P0 4 " /!f ') are illustrated m 
Figs 66, 67, and 68 These substances readily diffuse into the interstitial 
fluid and their concentrations there and in the plasma soon become equal 
The figures, however, show that the plasma and cerebrospinal fluid concentra- 
tions pursue an independent course and even when finally some degree of 

Dandy and Blackfan, Amer J Child Dis , 1914, S, 406 Dandy, Ann Surg , 1919, 
- Read carefully pp 17 et seq 
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equilibrium is established there are marked differences in the concentrations 
in the two systems The detailed findings are as follows 

i i ^ j rapidly during the first hour as equilibrium is estab- 

lished by diffusion into the interstitial fluid , the ^Na* level, however, rises 
more slowly in the cerebrospinal fluid than m the interstitial fluid elsewhere , 
when after many hours final equilibrium is attained cerebrospinal fluid 24 Na* 
is found to exceed the plasma 2I Na’ level, a state of affairs that cannot be 
accounted for by simple diffusion through a “ non-selective ” membrane 




Pigs 66 and 67 — Interchanges of Radio active 
Na ( =1 Na*) and K ( 42 K*) between Plasma and 
Cerebrospinal Fluid (in dogs) (Greenberg 
el al , Amer J Physiol , 1943, 140, 51 ) 

The ordinates represent the concentration of 2<Na* (Fig 66) 
and «K* (log 67) in arbitrary units in plasma (upper 
record) and cerebrospinal fluid (lower record) following 
an intravenous injection of a minute dose of salts 
containing these radio active elements 

(u) The behaviour of is quite different , the maximum level m the 
cerebrospinal fluid is reached m 10-20 minutes but is always less than m 
plasma , 42 K* is progressively removed from the plasma by the muscles, 
other tissues, and red cells The muscles ultimately retain over 90% of the 
injected element and the final muscle concentration may be four times 
as great as plasma 42 K H [These results provide further evidence that K+ ions 
can traverse muscle and other cell membranes (cf p 7) ] 

(m) Radio-active P ( 32 P*) (as phosphate) reaches its cerebrospinal fluid 
maximum m about 50 minutes and then declines, but always remains at a 
substantially lower level than m plasma Plasma 32 P 1: progressively decreases 
as it is incorporated m the hones or built up in the cells into organic esters 
These studies show that interchanges between plasma and cerebrospinal 
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fluid, follow a different course from those between plasma and the interstitial 
fluids generally The cells of the choroid plexuses thus maintain a character- 
istic electrolyte structure in the cerebrospinal fluid which differs from that of 
plasma , in other words these cells actively regulate the transfer of ions and 
other crystalloids (cf cell membranes, p 7 ) Cerebrospinal fluid formation is 
thus not a simple process of filtration and is therefore commonly labelled a 
process of “ secretion,” the word “ secretion ” drawmg attention to the 
undetermined factors involved o 



Fig 68 — Interchange of Radio active Phosphorus 
( 32 P*) (as PO/") between Plasma and Cercbro 
spinal Fluid (m dogs) (Greenberg et al , Amer J 
Physiol , 1943, 14.0, 54 ) 

The ordinate represents the concentration of »P* (in arbitrary 
units) in plasma and cerebrospinal fluid following an intra 
venous injection of a salt containing a minute dose or 3sp* 

(Note that the values on the ordinate are not uniformly 
spaced ) 

V 

It should be noted also that bile 'pigment does not penetrate into the 
cerebrospinal fluid (except m traces) even in deep jaundice Similarly many 
drugs enter the cerebrospmal fluid from the blood only with difficulty 

Absorption — (1) Route — Cerebrospinal fluid is absorbed mainly via 
the arachnoid villi into the dural sinuses and the spinal veins , to a minor 
degree fluid may pass along the sheaths of the cranial nerves into the cervical 
lymphatics and also into the perivascular spaces Roughly four-fifths of the 
fluid is absorbed via the cerebral arachnoid villi and most of the rest via the 
spinal villi The arachnoid villi are small finger-like projections (lined by the 
usual flat epithelial cells of the subarachnoid spaces) which project into the 
venous smuses as shown m Fig 69 The Pacchionian bodies [arachnoideal 
granulation] are simply exceptionally large villi , they are few m number 
and present only in the adult 

The route of absorption of the cerebrospinal fluid was demonstrated by 
need, who injected into the subarachnoid space of the living animal a 
solution of potassium ferrocyamde and iron ammonium citrate in isotonic 
saline, at a pressure of 15 cm H 2 0 The nervous system and memnges were 
removed and fixed in acid solution which precipitated the salts as Prussian 
blue Histological examination showed that the dye passes through the 
arachnoid villi into the dural venous sinuses (and into the perivascular 
channels too if the ammal is bled during the experiment) Colloids are also 
absorbed, but slowly 
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(2) Mechanism Absorption probably depends both on filtration and 
osmosis In cats the cerebrospinal fluid pressure actually exceeds the pressure 
m the venous sinuses by 0 5-5 cm II 2 0, thus driving fluid into the veins 
(by filtration) More important probably is the 25 mm Hg osmotic pressure 
ol the plasma proteins, which draws fluid into the blood (m the same way 
that it causes the absorption of tissue fluid elsewhere, p 15) As the cerebro- 
spinal fluid pressure exceeds that m the veins, it might have been thought 
that the latter would be compressed against the skull bones and be obliterated 
The firm attachments of the dural layer forming the walls of the veins is 
believed to prevent this happening 



FALX OR 
TENTORIUM 


Jpio G9 — Diagram to show relations of Pin arachnoid. Arachnoid Villi, and Cortical Veins 
to Dural Sinuses Note the blood vessel coming from the brain substance surrounded 
by a continuation of the subarachnoid space The arrows show the direction of 
flow of the cerebrospinal fluid A = arachnoid villi (Modified from Weed) 

(H Cushing, Intracranial Physiology and Surgery, 1926 ) 

Fluid Pressure — The normal pressure of the fluid depends on a balance 
between its rate of secretion and of absorption The value m man m the 
lateral recumbent position varies between 100-200 mm H 2 0 The pressure 
m the sitting position is 200 mm H 8 0 higher than m the recumbent position 
A rise of venous pressure such as follows coughing or crying hinders absorption 
and so raises tbe cerebrospinal fluid pressure Compression of the internal 
jugular vein bas a similar effect [Queckensledi s sign) (Fig 72) 

Functions of Cerebrospinal Fluid — (i) It serves as a fluid buffer 
(n) It acts as a reservoir to regulate tbe contents of tbe cranium , if the 
volume of the bram or of the blood increases, cerebrospinal fluid drains away , 
if the bram shrinks, more fluid is retained (m) It may serve to some extent 
as a medium for nutrient exchanges m tbe nervous system , in the mam, 
however, the bram carries out its metabolic exchanges directly with the blood 
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Effects of Cerebral Tumour and other “Space-Occupying Lesions ” 

—If there is any increase in the intracranial contents, as by a tumour of the 
cerebrum, additional room is made by expulsion of some cerebrospinal fluid 
Then the blood vessels are compressed and the gyri flattened, and gradually 
there is a general rise of pressure above the tentorium This rise of pressure 
is transmitted to the prolongations of the subarachnoid space which surround 
the optic nerves The first structures in the nerve to suffer from compression 
are the veins , blood can still flow along the arteries and reach the optic disc, 
but its return is interfered with In consequence, the minute vessels at the 
nerve head become engorged and swollen, and fluid esudes from them at this 
point of least resistance The resulting appearance, on ophthalmoscopic 
exammation, is termed papillcedema 

Pressure is then exerted on the posterior fossa of the skull The cere- 
bellum is gradually driven mto and through the foramen magnum, fills this 
aperture hke a cork, and thus impedes the escape of fluid into the spinal 
canal, whence about one-fifth of the total absorption of fluid normally occurs 
In addition the fourth ventricle foramina (of Magendie and Luschka) are 
probably distorted and partially blocked A vicious circle is thus established 
as cerebrospmal fluid cannot escape from the ventricles and is not absorbed, 
hydrocephalus {infra) results This further raises the mtracranial pressure 
and wedges the cerebellum still more firmly mto the foramen magnum , the 
cerebral vessels are further compressed and finally, death results from medul- 
lary anasmia 

Hydrocephalus 1 — By this term is meant a pathological accumulation 
of cerebrospmal fluid , the hydrocephalus may be internal or external , aceord- 
mg as to whether the excess fluid is m the ventricular system or m the sub- 
arachnoid space Theoretically hydrocephalus might be due to 

(i) Oversecretion of fluid, the rate of formation exceeding the rate of 
absorption Oversecretion has been alleged to result from (a) extensive 
hypertrophy of the choroid plexuses, or (b) a rise of the capillary blood 
pressure m the plexuses owing to thrombosis of the vein of Galen which 
drains this region Clinically oversecretion is a negligibly rare cause 
(u) Obstruction to the outflow of the fluid The obstruction may be 
(°) Intraventricular, blocking the foramen of Monro, the cerebral aque- 
duct, or the fourth ventricle foramma The fluid m the occluded ventricles 
cannot escape and cannot undergo absorption locally , its volume progres- 
sively increases because of continued formation of fluid by the cnoroid 
plexuses 


(b) Extraventricular (a) preventmg the free flow of the fluid throughout 
ue subarachnoid space and so diminishing the total surface of arachnoid 
villi available for absorption Thus a block at the foramen magnum prevents 
, e from entermg the spmal arachnoid and thus cuts off one-fifth of 
e a osorbing surface , a block at the tentorial opening [cisterna ambiens] 
prevents the fluid from passmg from the posterior fossa of the skull mto the 
supratentorial subarachnoid space where most of the absorption normally 
occurs , (£) inflammatory changes m the leptomenmges may occlude the 
tlTfl V1 ^ 5 (v) thrombosis of the dural smuses prevents the escape of 
e uid from the subarachnoid space mto the vems 

Ren ? Russell, Pathology of Hydrocephalus, British Med Res , Council Sp 

s mo /b5, London, 1949 
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Experimental Hydrocephalus -(i) The injection of foreign particles 
(e g lamp black, trypan blue, 01 tkorotrast) mto the oisterna magna stimulates 
the arachnoid cells (i e those hnmg the subarachnoid space) They become 
rounded, proliferate rapidly, and display phagocytic properties, ingesting 
the foreign material like macrophages elsewhere (cf p 187) Secondarily 
fche icpfcoraeiimges become matted together and the arachnoid villi are pre- 
sumably blocked j thus interfering with the flow and absorption of the cerebro- 
spinal Hind 

(n) An alternative procedure consists in making repeated intracisternal 
injections of the animal’s own blood , the blood is laked, the released hffimo- 
globin is taken up by tbe macrophages locally and bile pigment is formed 
which colours the fluid Meningeal reactions occur as in ( 1 ) and likewise cause 
hydiocepkalus 

Clinical Hydrocephalus — The causes are numerous ( 1 ) congenital 
malformations within the ventricular system at the narrow points (usually 
the cerebral aqueduct) , developmental abnormalities of the base of the 
skull leading to blocking of tbe foramen magnum , malformation of the 
bram m tbe neighbourhood of the foramen magnum which becomes occluded, 
eg by a caudal prolongation of the cerebellum , (n) infections which may 
block the cerebral aqueduct, the fourth ventricle foramina, or the tentorial 
opening, or more commonly destroy the absorbmg mechanisms in the sub- 
arachnoid space , (in) turnouts may deform and obstruct the intraventricular 
system and set up a vicious circle by raising intracranial piessnre as described 
on p 125 , (iv) occasionally dural sinus thrombosis is the causal agent 

Communicating and Non-Communicating Hydiocephalus — The site of the 
obstruction can often be determined by injecting phenol sulphonephthalem 
mto the lateral ventricle Normally it should appear m fluid obtained by 
lumbar puncture m 2-3 minutes, and m the urme m 10-12 minutes If it 
does not appear in the spinal fluid or only after a long delay the hydrocephalus 
is non-communicating, i e the site of the block is not distal to tbe fourth 
ventricle foramina If it appears m the spinal fluid normally but m the urme 
after an undue delay, the hydrocephalus is communicating , i e the block is m 
the meninges distal to the fourth ventricle foramina, m the arachnoid villi, 
or m the dural venous sinuses 

Effects of Injection of Saline Solutions 1 — (1) The intravenous 
injection of large amounts of Ringer's solution causes a temporary rise of 
cerebrospinal and venous pressure , the condition soon returns to normal 
(cf p 59) The rise of venous and capillary pressure and the dilution of 
the plasma proteins promote cerebrospinal fluid formation and hamper its 
absorption (as with tissue fluid elsewhere) 

(2) The injection of hypotonic salme (or distilled water) causes a marked 
and piolonged rise of cerebrospinal fluid pressure (Fig 70, A) There is an 
associated increase m venous pressure, but this is transient and so cannot be 
an important causal factor The decreased crystalloid osmotic pressure of 
the plasma causes water to pass out of the plasma into the interstitial spaces 
where the osmotic pressure is higher [Salt diffuses the other way , but the 
results show that the movement of the water is so much more rapid and 
extensive that initially it alone need be considered ] Similarly water flows 
from the plasma mto the cerebrospinal fluid , later there is a flow of water 
1 Weed and Hughson, Amer J Physiol , 1921, 58, 53 , 
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from the extracellular compartment mto the cells including the brain cells 
which become swollen (cf p 64) There is thus a rise of cerebrospinal fluid 
pressure, a rise of intracranial pressure, and swelling of the brain 1 

(3) If hypertonic saline {eg 30% NaCl) is injected intravenously the 
cerebrospinal fluid pressure (after a sharp, brief rise) falls profoundly for a 
period of 2-4 hours, recovery usually occurring within 7 hours This effect 
is independent of the arterial pressure, which shows variable changes, and 
of the venous pressure, which rises initially and then returns to about its 
original level (Fig 70, B) There is marked shrinking of the brain substance 



Fig 70 — Effects of Hypotonic and Hypertonic Saline on Cerebrospinal Fluid Pressure, 
Venous Pressure, and Arterial Blood Pressure (Experiments on cats ) (Weed and 
Hughson, Amer J Physiol , 1921 ) 

Ordinate C S 1? pressure (C S 1? P ) and venous pressure (V P ) m mm water arterial blood pressure 
(BP)in mm Hg 

A inject 50 ee of distilled lister intravenously There is a trivial rise of arterial pressure, a rise of venous 
pressure and a marked sustained rise of C S F pressure 
B inject 12 e c of a 30% NaCl solution intravenously There Is a slight rise of arterial blood pressure 
after an initial fall, and a transient rise of venous pressure After an initial rise, C S F pressure 
shows a very marked and sustained fall 

the convolutions become smaller and the sulci wider and deeper The injection 
of 1 g of NaCl per kg body weight lowers the cerebrospinal fluid pressure by 
8 cm H 2 0 If 10-20 c c of a 30% solution of NaCl are introduced mto 
the duodenum or rectum of a cat the cerebrospinal fluid pressure may fall 
by 16 cm H 2 0 and not be restored to normal for 17-48 hours , if the fluid 
is introduced into the stomach the results are less certain , saturated solutions 
of sodium sulphate give similar results, but are slower and less marked m 
their action The general effects of an injection of hypertonic saline on the 
volume and composition of the extracellular fluid (which includes the plasma) 
and the intracellular fluid are shown m Fig 71 

Hypertonic sakne acts by raising the crystalloid osmotic pressure of the 
plasma Water consequently flows from the interstitial fluid mto the plasma 
and secondly from the cells into the intei stitial fluid The brain (like cells 

1 Similar changes occur m water intoxication (p 5S) and may largely account for the 
cerebral symptoms 
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elsewhere) therefore shrinks, and cerebrospinal fluid is withdrawn osmotically 
into the cerebral blood vessels generally In addition there is a reversal of 
cerebrospinal fluid flow, 1 e it passes backwards through the choroid plexuses 
flom the vent) iclcs into the blood vessels Using Weed’s Prussian blue method, 
(p 123), Foley 1 introduced the ferrocyanide and iron-ammonium citrate 
solution into the cisterna magna Normally, even if the fluid is injected 
under a pressure of 40 cm H„0, the dye does not penetrate beyond the 
aqueductus It was found, however, that after the intravenous injection of 
hypertonic salme, the dye passed freely into the perivascular spaces and 
into the blood vessels v, Inch, they surround, into the vessels which course 
through the subarachnoid space, into the ventricular system and through the 
aqueductus Sylvn to the extremities of the frontal and occipital lobes If a 
catheter connected to a manometer is introduced into the cerebral aqueduct 
so as to obstruct it, it is found that the intravenous injection of hypertonic 



Fig 71 — Effect of Hypertonic Saline on Distribution and 
Composition of Body Fluids 

Total areas of E, I represent xolume of extracollulnr and intracellular 
lluld Areas Nn, K represent tlio concentration of these ions in 
extracellula- and intracellular fluid 

I eft hand boa. Control xalucs 

Mlddlo box Lffccts of injection of hjpertonic snhne The aolume of 
evtracellulnr fluid (L) is increased and its Nn + concentration is raised 
[The flow of interstitial and cerebrospinal fluid into the blood is not 
depleted ] 

Right hand box The hyper tonicity of the extracellular fluid Tvithdrans 
fluid from the cells The intracellular fluid volume (I) is decreased 
and its K+ concentration is raised 

salme causes an immediate and profound fall of inti aventncular presswe, 
although the aqueduct is occluded and the normal path of escape for the cerebro- 
spinal fluid is not available If Weed’s fluid is introduced through the 
catheter directly into the ventricles, and the experiment is repeated, the 
dye is found to pass through the cells of the choroid plexus into the contained 
capillaries As the intraventricular pressure changes precede those in the 
subarachnoid space, it is obvious that fluid is being absorbed by the plasma 
m the choroid plexuses (owing to differences of crystalloid osmotic pressure), 
thus setting up a further current of fluid from the subarachnoid space 
[cisterna magna] into the ventricles 

Clinical Applications — The raised intracranial pressure of cerebral 
tumour is temporarily lowered by intravenous injection of ^hypertonic 
solutions The solutions employed are 10% saline (50 c c ), 25% glucose 
(100 c c ), or 50% sucrose (100 c c ) Consciousness may be restored, head- 
ache is relieved, and the swelling of the optic disc diminished Intracranial 
1 Foley, Arch Neurol Psychiat , 1921, S, 744 , Arch Surg , 1923, 6, 587 
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dealt ■with by tbe 
is rapidly excreted 



operations are made easier and safer as excessive bulging of brain substance 
is prevented The beneficial effect of hypertonic solutions is transient 
The hypertonic solution can withdraw csf into the blood only while the 
crystalloid op of the blood exceeds 
that of the interstitial fluid (includ- 
ing csf) Giadually, however, the 
salt diffuses out of the plasma into the 
interstitial fluid , the water follows 
it , and finally the plasma and inter- 
stitial fluids come into osmotic equili- 
brium, both being shghtly hypertonic 
and both being increased, m volume 
This stage is harmful if it were not 
compensated for by renal activity 
Glucose is oxidized m the body leaving 
a condition of simple water excess 
which is readily 
kidney Sucrose 

in the urine With hypertonic saline 
the excretion of the injected water 
must, however, await the relatively 
slow renal excretion of the salt 

Cases of mternal hydrocephalus 
benefit temporarily from this treatment 
to a marked degree owing to the 
reversal of flow of the cerebrospinal fluid 
and the absorption of the accumu- 
lated intraventricular fluid into the 
choroid plexuses and elsewhere (p 128) 

Concentrated human serum (contain- 
ing, c g 30% of protein) may also Fia 
be used clinically 1 The resulting rise 
of plasma piotem osmotic pressure 
(p 15) leads to withdrawal of cere- 
brospinal fluid into the blood vessels, 
producing a fall of intracranial pres- 
sure which may last for 18-24 hours , 
the crystalloids of the concentrated 
plasma also produce their characteristic 
effect for the first few hours after 
injection 

Inoculation Syndrome ■ — The 
spinal subarachnoid space may be 
obstructed by injecting paraffin wax 
Remarkable changes occur m the fluid 
below the level of the block , the protein content is greatly increased and the 
colour is now yellow The exact cause of these changes is not known Possibly 
the spinal veins which run longitudinally upwards are compressed , the 
venous and capillary blood pressures rise, and consequently blood corpuscles 
1 Hughes, Madd and StrecLer, Arch Neurol Peyclnat , 1938, 99, 1276 
5 



72 — Effect of Raised Jugular 
Venous Pressure on Lumbar Cerebro- 
spinal Fluid Pressure in Normal Sub 
ject and in Patient with Partial 
Spinal Block (Turner and Byrne, 
Yah J Biol Med , 1940, 12, 739) 

Upper record Normal A blood pressure cuff is 
fixed round the neck and the bag is inflated 
to pressures of 20 mm Hg (A), 40 mm 
Hg (B), GO mm Hg (C) at the beginning of 
the record (point 0 on abscissa), maintained 
for 10 sec and then released Note the rise 
mesf pressure in each case to about the le\ cl 
of the occlusion pressure On releasing the 
cuff pressure the csf pressure rapidly falls 

Loner record Caso with partial spinal block 
The initial csf pressure is lower Occluding 
the jugular vein for 10 sec (between the 
arrows) produces a much smaller me of c s f 
pressure 
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and plasma containing much protein exude The haemoglobin disintegrates 
and gives rise to a yellow pigment and the carotene of plasma also contributes 
to the colour Clinically, chrome meningitis or tumours of the cord and its 
envelopes produce identical changes in the cerebrospinal fluid— the From or 
loculation syndrome The protein is increased to 0 5 or 1%, or even up to 4% , 
albumin and globulin are present m the same proportions as m blood , the 
fluid coagulates spontaneously, owing to the presence of fibrinogen , the 
yellow coloration is termed xanthochromia The cell count is normal, except 
m syphilitic cases The only essential feature of the syndrome is the 
raised protein content above 0 5% (In inflammatory lesions of the meninges 
the increased permeability of the blood vessels also permits the exudation of 
a fluid rich m protein ) 

When the spinal subarachnoid space is blocked, compression of the 
internal jugular veins m the neck raises the cerebrospinal fluid pressure 
above the level of the block to the normal extent , below the level of the 
block the pressure of the fluid is raised very little or not at all (Fig. 72, lower 
iccord) 

Lumbar Puncture — This is carried out by introducing a needle into the 
subarachnoid space below the termination of the spinal cord, usually between 
the spines of the fourth and fifth lumbar vertebrae 

Indications 

(1) For diagnostic purposes 

(2) To relieve raised intracranial pressure, e g in meningitis or ursemia 

(3) For the introduction of therapeutic agents 

(4) To produce spinal anaesthesia 

Use of Lifiodol — Lipiodol is a very heavy liquid, opaque to X-rays, 
which can be injected into the cisterna magna Normally it drops by reason 
of its weight to the bottom of the spinal theca If the subarachnoid space is 
obstructed by tumour or by adhesions, the hpiodol is held up at that point 
and its position can be demonstrated by X-rays 

Pathology of Cerebrospinal Fluid — The significance of certain changes 
m the composition of the cerebrospinal fluid will now be considered 

Protein — The amount of protein is estimated by boihng with trichlor- 
acetic acid and comparing the turbidity produced with that of fluids containing 
known concentrations of protein 

If globulin is present m excessive amounts, the Nonne-Apelt reaction is 
obtained On adding 1 c c of cerebrospinal fluid to 1 c c of saturated 
ammonium sulphate solution a grey ling of precipitate appears at the junction 
of the two fluids 

The amount of protein is increased m all meningeal affections and is the 
expression of increased permeability of the inflamed blood vessels A positive 
test for globuhn when the total protein is 0 1% or less is strongly suggestive 
of a syphilitic affection 

Cells — An increase in the number of cells m the fluid is suggestive ox 
inflammation 

(l) Lymphocytosis usually occurs in acute infections, particularly m 
tubercular meningitis, lethargic encephalitis, acute anterior poliomyelitis 
(except m the pre-paralytic stage), and in all syphilitic affections of the nervous 
system In the last group the number of lymphocytes depends on the degree 
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of meningeal involvement, and the number of cells may vary between 10 and 
500 pei c mm 

(n) Leucocytosis (polymorphonuclear) occurs m all pyogenic infections, e g 
meningococcal or pneumococcal, and some cases of tubercular meningitis 
Large mononuclear cells appear m cases of tumours invading the meninges 
Glucose and Urea follow the level of these substances in the blood 
The glucose concentration is high in diabetes, and the urea level is usually 
raised m urtemia 

The general changes m the cerebrospinal fluid m meningitis are increased 
pressure, increased cell count, increased protein concentration, and decreased 
concentration of glucose and chloride Acute purulent meningitis is mainly 
due to meningococcus, pneumococcus, streptococcus, and staphylococcus , 
the cells are mainly polymorphs In tubercular meningitis the fluid changes 
are generally less marked , the predominant cell is the lymphocyte 

The following Tables (after Symonds) show the changes in the cerebro- 
spinal fluid in some important conditions 



Normal Cerebro 
Spinal Fluid 

Acute Purulent 
Meningitis 

Tubercular Meningitis 

Colour 

Clear and colour 

Turbid or purulent 

Clear, thread-like coagu 


less 

Clot on standing 

lum on standing 

Protein 

Average, 0 02% 

Increased to 0 1- 

Increased to 0 06--0 3% 

Sugar 

0 08% 

0 5% 

Dimmish ed or absent 

Diminished, but not con 
stantly 

Reduced, often below 

Cl' (expressed 

0 77% 

Reduced to 0 65 or 

as NaCl) 

0 6% 

0 6% 

Cells per c mm 

1-5 lymphocytes 

Increased 1000- 

Increased 50-500 Usu- 

per c mm 

10,000 of poly 

ally 75% lymphocytes 

Pressure in mm 

100-200 

morphs 

Increased 200-500 

Increased 

water in lateral 
recumbent 


or more 

Causative organism 

Tubercle bacilli may be 

position 


present 

present 

- 



Cenex al 

Tabes 

Meningo Vascular 


Paralysis 

Syphilis 

Protein 

0 05-0 1% Globulin 

0 03-0 08% Globulin 

0 03-0 08% Globulin 

Cells 

reaction -f- 

reaction + 

reaction + 

Up to 400 per c mm 

10-80 per c mm or 

10-80 per c mm All 

Wassermann 
reaction — 

All lymphocytes 

more All lymphocytes 

lymphocytes 

Blood 

/Early, 75% + 1 
\Late, 100% + J 

70% + 

80% + 

Cerebrospinal \ 
fluid / 

All stages, 99% + 

70% + 

50% + 

Benzoin curve 

Paretic 

Luetic 

Luetic 


Colloidal Benzoin Reaction — Normal cerebrospinal fluid m any 
dilution added to a colloidal benzom solution has no effect In syphilis of 
the nervous system, incomplete flocculation (recorded as 1) or complete 
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flocculation (2) may occur Dilute the cerebrospinal fluid fo, fg, ^ ^g, 3-go 
In general paralysis of the insane the results obtained in the different dilutions 
are 2, 2, 2, 2, 2 (paretic curve), % e complete flocculation occurs m all In 
tabes and meningo-vascular syphilis the results are 1, 1, 2, 2, 1 ( luetic curve), 
1 c incomplete and complete flocculation occurs A similar test can be 
carried out using a colloidal gold solution (Lange) The explanation of the 
reaction may be this the albumin of the cerebrospinal fluid normally 
checks flocculation , the excess of globulin which is present m syphilitic 
nervous disease overcomes this action and thus produces a precipitate (cf 
plasma flocculation tests of liver function, p 831) 



II 


THE BLOOD 1 


The blood consists of plasma and corpuscles (red cells, white cells, and 
platelets) The following aspects of the physiology of the blood have already 
been discussed 


Composition of plasma and red cells ( pp 5, 7) / 

Interchanges between plasma and interstitial fluid (p 17 ) 

Total blood volume, plasma volume, red cell volume their deter- 
mination (p 9) and regulation (p 80) m health and disease , 
hsematocnt value (p 10) 

H+ ion concentration of the blood m health and disease (p 87) 

Role of the kidney m the regulation of the composition and volume 
of the plasma (p 21) 

Other aspects of the physiology of the blood are dealt with below 


W 

(u) 

(in) 


(iv) 

(v) 


THE PLASMA PROTEINS 2 

The total plasma protein concentration is 6 4-8 5 g per 100 c c Two 
principal groups of plasma proteins are conventionally recognized serum 
albumin and serum globulin The globulin fraction can be further sub- 
divided into a-, /}-, and y- globulin and fibrinogen A number of proteins with 
specific physiological functions have been partially isolated from the 
globulin fraction by such methods as electrophoresis Among these proteins 
are prothrombin, plasma thromboplastin, isohsero agglutmin s, hypertensin- 
ogen, immune globuhns, and anterior pituitary hormones 

Properties of Proteins — Only those properties which need be known * 
to understand the methods of separating the proteins of the plasma, and 
their physiological properties, will be considered here 

(1) Precipitation by Salts — Different proteins are precipitated from 
solution by addition of different concentrations of salts Thus albumin 
is precipitated by saturation with (NH 4 ) 2 S0 4 , globuhn by half-saturation 
with (NH 4 ) 2 S0 4 This method of separation gives a normal serum albumin/ 
globuhn ratio of 1 7 (eg albumin 4 5, globuhn 2 7 g-%) 

(2) Sedimentation in Ultracentrifuge — The diff erent proteins 
sediment at different rates when solutions of them are spun at very high 
speeds m the Svedberg ultracentrifuge separation can thus be effected 

1 See Whitby and Britton, Diseases of Blood, 6th edn , London, 1950 Wmtrobe, 
Clinical Neonatology, Phila , 2nd edn , 1946 Downey, Handbook of Hccmalology, NY , 
193S (4 vols ) 

- MarracL and Hoch, J chn Path , 1949, 2, 161 Cohn and coworhers, J din Imestig , 
1944 , 23, 417 and 21 succeeding papers, Cohn, Blood, 1946, 1, 3 Gutman (Plasma 
Proteins m Disease), Jtfianccs tn Proton Chemistry, 194S, 4, 155 
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(3) Isoelectric Point — Proteins can behave either as bases or as acids 
owing to the fact that their constituent ammo-acids (p 876) contain both 
basic ammo (t e AH 2 ) groupings and acidic carboxyl (i c COOH) groupings 

A protein can be diagrammatically represented thus cQQgSp In an 

alkaline solution a protein behaves as an acid (by virtue of its COOII croups) 
and forms a salt (NH„ R COONa) , in an acid solution it behaves as a 

vrrr'VV 7 ™ fc ^ f TT lts NH 2 groups) combining with acids, e g HC1, to form 
JN Jrigv/l — ~ li — 00 OH 

In solution a protein ionizes slightly In alkaline solution the reaction 
can be represented thus 


/NH 2 /NH a 

R ^ R -fNa+ 

\COONa \COO' 

i e the protein ion is negatively charged (it is an anion) 
In acid solution the reaction is 


/NH 3 C1 

R 

\COOH 


/NE 3 + 

R 

\COOH 


-per 


i e the protein ion is positively charged (it 1 $ a cation) 

At a certain pH (specific for each protein) a protein behaves neither as 
an acid nor as a base , it is un-iomzed and does not move m an electric field 
This pH is called the isoelectric point , at the isoelectric point the solubility 
of the protein is at its minimum and it tends to precipitate out The iso- 
electric point of serum albumin is pH 4 7, that of the serum globulins is 
(7H 5 4-7 0 

(4) Buffer Action — As the pH of plasma is 7 4, 1 e well to the alkaline 
side of the isoelectric point of the plasma proteins, the latter behave as acids 
and are bound with base (almost entirely Na+) Such molecules as are ionized 
give rise to protein anions The reaction can be represented thus 

JSTaPr^Na + +Pr' 


The amount of base (Na+) which is combined with the 70 g of protein m one 
litre of plasma is 16 milhequivalents (cf p 12) (1 e 16x0 023=0 4 g of 
Na+ per litre) 

The base (B) which is combined with the plasma proteins can be attacked 
by H 2 CO s to form BHC0 3 (actually NaHC0 3 ) , this reaction helps to preserve 
the reaction of the plasma and aids m the carriage of C0 2 The plasma 
proteins are thus buffer substances (p 91) Direct observation shows, 
however, that at the pH of the blood (which is far removed from their iso- 
electric point) the plasma proteins retain a firm hold on their base and so 
actually play little part either as buffers or as aids to C0 2 carnage , they 
are probably responsible for less than one-tenth of the total buffer action of 

blood , , „ 

(5) Molecular Weight — The molecular weight ot serum albumin is 
69,000, that of y-globukn 156,000 and that of fibrinogen about 500,000, 
these molecular weights are related to molecular size Larger molecules 
pass less readily than smaller molecules through the capillary wall The 
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normal capillary endothelium is almost impermeable to all the plasma 
proteins, but when its permeability is increased {eg m disease), albumin 
(having the smallest molecular weight) is the first protem to pass through 

(6) Osmotic Pressure — See p 15 

(7) Molecular Shape and Dimensions — Expressed m Angstrom 
units (A U ) (A U =10 -8 cm ) the dimensions are 

albumin, 150 X 38 A U , 
y-globulm, 320 X 36 A TJ , 
fibrinogen, 900x33 AD , 

(cf Na+, 19X19, Cl', 3 6X3 6, glucose, 9 5x6 5 AD) The shape 
of the molecule determines the viscosity of its solutions {infra) 

(8) Viscosity — The resistance to the flow of fluid (at constant velocity) 
through a capillary (of constant bore) depends almost entirely on the viscosity 
of the fluid The viscosity of the blood is thus a factor m maintaining the 
peripheral resistance and thereby, the arterial blood pressure (p 303) The 
viscosity of a protem solution depends far more on the shape of the protein 
molecule than on its size , the less symmetrical the molecule the greater is 
its viscosity For this reason the following solutions have equal viscosities 
25% albumin, 15% y-globulm, 2% fibrinogen , each of these solutions has 
a viscosity equal to that of twice concentrated plasma (i e a plasma with 
15 g of “ mixed ” proteins per 100 c c ) Surprisingly enough the viscosity 
of whole blood (i e plasma plus suspended corpuscles) is also only that of 
twice concentrated plasma , this means that the corpuscles and the plasma 
contribute equally to the total viscosity of the blood 

(9) Electrophoretic Mobility — As already explained, m acid solution 
proteins form cations and in alkaline solutions they form anions If the 
force of an external electrical field is applied to protem molecules dissolved 
m a suitable solvent, they are caused to move , m acid solutions the protein 
ion (being positively charged) moves towards the cathode , in alkaline 
solutions the protem ion (being negatively charged) moves towards the 
anode The rate of movement or mobility (y) is expressed m cm per sec 
when the protein is in an electrical field of one volt per cm The mobility 
varies with the protein (also with pH, viscosity of the solvent, and the 
nature and concentration of the dissolved salts) Each protem moves with 
a characteristic mobility , therefore when a solution of mixed proteins (in 
a tube) is placed in an electrical field with the electrical poles at the ends, 
the contained proteins gradually separate out like the runners in a long 
race who, having started together m a row, end up at the winning post as 
a long string The greater the difference m mobility between the molecules, 
the more complete is the separation which can be effected by this method 
Dsmg a suitable technique the proteins can be photographed as they are 
“ struug out ” along the tube giving the kind of picture shown m Fig 73 , 
these pictures are called electrophoretic patterns or diagrams The area under 
each peak is a measure of the concentration of the particular com- 
ponent The principal peaks (m descending order of mobility) are albumin 
(highest mobility) , a^, a„-globulm, /?-globulm, fibrinogen, y-globulm (lowest 
mobility) 

The concentrations of the protein fractions thus separated out (expressed 
as percentages of the total plasma protem content) are albumin 55% , a-globulm 
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°i+ a 2 ) 13% , /J-globulm 11% , fibrinogen 7% and y-globuhn 11% The 
albumin/globulm ratio obtained by electrophoretic analysis is thus 55/45=1 2, 
an average result which is t\\ o -thirds that obtained by classical chemical 
fractionation, i e 12 compared with 1 7 (pp 15, 133) 
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Fio 73 — Electroplxorctio Diagram of Normal Human 
Plasma (Colin clal ,J chn InvcsUg , 1944, 23 , 420 ) 

The nrca of each deflection Is proportional to the concentration of 
the Individual protein In the plasma (Cf Tig 550) 


Six main functional protein fractions have been obtained by electro 
phoresis of plasma , their components are shown below 


mainly 
/S and y 
globulins 


Fraction 

I Fibrinogen (-f-the globulin called plasma thromboplastin 
which promotes clotting in hsemophiliacs ) 

' II Immune globulins (=y -globulin) 

III (1) Iaohoemagglutimns (=/?-, y-globuhns) 

(2) Prothrombin, fibrmolysin, plasma thromboplastin (=a 
/?-, y-globuhns) 

IV a- and /3-globulms, hypertensmogen, alkahne phosphatase 

V Albumin 7 

VI Proteins in mother liquor (albumin and a -globulin) , also 
follicle-stimulating hormone of anterior pituitary 


Many of the proteins mentioned above have been isolated m a high 
degree of purity, e g albumin (in a form suitable for intravenous injection 
clinically) , isohcemagglutimns (in 16 times the concentration found in poo e 
plasma) , immune globulins (active against diphtheria, influenza virus, measles, 
mumps, typhoid bacillus) with 15-30 times the immune potency of pooled 
plasma , proteins concerned in blood clotting (p 139) , , ,i 

Relation of Diet to Plasma Proteins ^-This is best studied in the 
standard plasma-depleted dog, as described by Whipple Whole blood is 
i Madden and Whipple, Physiol Rev 1940, 20, 194 Wlnpple, Amer J med Sc . , 


1942, 203, 477 
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withdrawn and the corpuscles reinjected suspended m Rmger-Locke’s solu- 
tion (i e a protem-free fluid) , the procedure is known as plasmapheresis 
(“ plasma s lammin g ”), and if repeated daily leads to a progressive diminution 
m the concentration of plasma protein, as the rate of protein withdrawal 
exceeds the rate of regeneration Depletion is continued for some weeks 
after the plasma protem concentration has fallen to 4%, m order to exhaust 
the protem reserves Thereafter, on a standard diet, the rate of plasma 
protem formation is constant 

The results show, as might be expected, that plasma proteins are normall y 
formed from food prot eins, but that in protem starvation th ey_mayJie.formed. 
from tissue protemTlie efficacy of a food protem depends on the degree of its 
clienh^-res^ in ammo-acid pattern to the plasma protem which 

it is going to form , very naturally plasma protems are the most efficient 
raw materials 1 * Plasma protems can also be satisfactorily synthesized from 
ammo-acids if the ten essential ones are present, i e argimne, valme, histidine, 
isoleucme, leucine, lysine, methionine, phenylalanine, threonine, tryptophane 
(Specific experiments have shown that methionine is essential for long-con- 
tinued plasma protem formation and also for adequate body nutrition , 
cystme can be substituted for short periods only) (cf p 881) As albumin 
and globulin have quite distinct ammo-acid patterns, some protems (eg 
those from muscle and viscera) favour albumin formation, while others 
(e g plant and gram proteins) favour globulin formation The presence of 
i nfection depresses protem regeneratio n 
'"Origin of~ Plasma Proteins. — Serum albumin and the protems con- 
cerned m blood clotting (fibrinogen, prothrombin) are probably formed 
exclusively by the liver In disease of the liver (e g acute hepatitis, cirrhosis 
(Figs 544 and 549)) the concentration of these constituents m the plasma 
falls markedly Experiments -with “ labelled ” plasma protems suggest that 
, they are completely destroyed and replaced every two weeks (p 879) 

The serum globulins are probably formed widely m the body, perhaps by 
the reticulo-endothebal system and the lymphoid nodules (p 219) , as the 
immune bodies are an important constituent of the serum globulin fraction, 
g lobulin formation is concerned wi th lesistance to infec tions Thus after three 
successive injections'!)! typhoid vaccine the serum 'globulin rose from 2% 
ultimately reaching a level of 4% , (the fibrinogen level also rose (cf p 173)) 
The immune bodies are mainly m the y-globulm fraction 

When the hver cells are extensively damaged the serum globulin fraction 
frequently rises, especially the y-globubn, although the serum albumin falls , 
the consequent abnormal plasma protem pattern is probably responsible for 
the flocculation tests of hver function (p 832) 

After hcemorrhage, fibrinogen, serum globulin, and serum albumin are 
regenerated m that order, complete restoration being effected in a few davs 
(P 84) 3 

In nephrosis (p 75) serum albumin may be lost in the urme at the rate 
of 25 g daily for several months before its concentration m the plasma is 

1 Darmg fasting only 2-8 g of plasma protem are formed weekly from tissue con- 
stituents If whole plasma (fresh or dried) is given by mouth, every 3 g of ingested protein 

produces 1 g of new plasma protein , the potency ratio is thus 3 1 The proteins of 

grains, potato, kidney, or liver have a potency of 5 1 , red cells, heart, or spleen, 

5 * 
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finally lowered further evidence that the body can form this substance 
when necessary on a large scale 

In infancy, low total plasma protein concentrations are found {eg 51- 
5 5%) owing to the low albumin content Albumin and globulin decrease in 
the first 6 months of pregnancy, but the fibrinogen increases 

The relationship between plasma proteins and tissue proteins is probably 
an intimate one Whipple suggests that the proteins of the cells can be 
divided into three categories (l) fixed cell protein which is indispensable for 
cell life or activity , (n) dispensable reserve protem which can be called upon 
for energy and other purposes m starvation , (m) labile reserve protein which 
can be readily turned out into the blood stream to maintain the plasma 
protein concentration In haemorrhage or m protein starvation such outflow 
from the tissues into the plasma takes place If plasma proteins are given 
intravenously they can supply all the tissue needs for protein, and food 
protein can be temporarily dispensed with , this observation suggests that 
plasma protein can be readily incorporated into the tissues Proteins taken 
by mouth after hydrolysis in the intestine are, of course, readily built up into 
plasma or tissue protein One must conceive of rapid interchanges between 
the proteins m the liver, plasma, and the tissues generally 

Functions of Plasma Proteins — (I) Proteins concerned with blood 
Clotting — (l) Fibrinogen — (a) The average fibrinogen content of plasma 
is 250 mg per 100 c c (range 190-330 mg-%) When blood is shed, fibrinogen 
is converted into fibrin by the newly formed thrombin (p 140) The fibrinogen 
level is not influenced by fasting or by the protem content of the diet, so it 
obviously has a “ priority ” claim on the tissue protein reserves 

(6) Plasma fibrinogen is raised in many acute infections diseases 1 , this 
response is not specific , it occurs equally markedly in many other conditions, 
and is not due to the associated pyrexia Thus pyrexia produced by altered 
environmental conditions does not affect fibrinogen concentration , intra- 
venous injection of typhoid vaccine, on the other hand, produces pyrexia which 
is accompanied by a marked sustained increase m fibrinogen Plasma 
fibrinogen may be raised m infectious diseases m the absence of fever or of 
leucocytosis Failure of the plasma fibrinogen to rise is generally of bad 
prognostic significance and may indicate impaired liver function 2 

(c) Plasma fibrinogen level is one of the important factors which deter- 
mine the sedimentation rate of the red corpuscles (p 172) 

(u) Other Proteins Concerned m Blood Clotting — The role of prothrombin, 
thrombin and plasma thromboplastin is discussed on pp 139 et seq 

(2) Proteins Concerned with Maintaining Plasma Colloid Osmotic 
Pressure — See p 15 

(3) Miscellaneous Proteins — The role of some of the other plasma 
proteins that have been isolated (p 133) are considered in the following 
places hypertensmogen (p 349) , alkaline phosphatase (p 1002) , anterior 
pituitary hormones (p 930) 

<M) Carriage by Plasma Proteins of other Plasma Constituents — 
(i) Albumin adsorbs a number of substances, eg injected phenol sulphone- 
phthalem, Evans’ blue dye (used m plasma volume determinations (p 9)), 
sulphamlamide and blood-thyroxine (p 976) 

1 Ham and Curtis, Medicine, 1938, 17, 413 
a Plasma fibrinogen is also increased after trauma (p 149) 



BLOOD COAGULATION 


139 


(u) An a-globulm absorbs bilirubin , tbc resulting compound being respon- 
sible for tbe indirect Van den Bergh leaction (p 188) A /^-globuhn com- 
bines with iron (p 208) and other metals The globulins also combine with 
cholesterol, phospholipids, vita mm -^4, and steroid hormones 


COAGULATION OB BLOOD 1 VITAMIN- A HEMOSTASIS 
HEMORRHAGIC STATES 2 

Blood Coagulation — The essential reaction m coagulation of the blood 
is the conversion of the soluble protein fibrinogen into the insoluble protein 
fibrin by means of an enzyme thrombin Fibrinogen exists m the circulating 
blood as such , thrombin does not, but is formed from an inactive circulating 
precursor prothrombin when the blood is shed The activation of prothrombin 
depends on the presence of Ca++ ions and of certain organic activators of 
obscure composition labelled thromboplastins which are derived from damaged 
tissues and disintegrating platelets and from the plasma itself The formation 
of prothrombin (m the liver) depends on the absorption from the bowel of 
adequate amounts of vitarnm-A It should be remembered that clotting of 
blood is not the only reaction responsible for arrest of hiemorrhage ( hcemo - 
stasis) 3 Hasmostasis also depends on certain reactions of the injured vessels 

It is essential that the blood should normally be kept fluid while circulating 
in the blood vessels, though clottmg when shed The fluidity of the blood m 
the body depends (a) on the special physical properties of the intact vascular 
endothelium, ( b ) on the flow of the blood (i e on its not stagnating in any 
part of the vascular bed), and (c) the presence m the blood of a natural anti- 
coagulant agent, heparm Clinical states of excessive bleeding ( haemorrhagic 
states) may be due to (i) impaired coagulability of the blood due to some 
abnormahty in the complex physico-chemical system concerned in clottmg, 
or (n) alterations m the vessel walls preventing them contracting down after 
local injury Abnormal coagulation of the blood within the blood vessels 
( intravascular thrombosis) is generally due to alterations m the vascular endo- 
thelium combined with slowing down of the rate of flow , it is rarely the 
result of a primary alteration in the blood clotting mechanism 

It is easy to give a simple account of the processes involved in blood 
clotting as outlined above, thus 

^Damaged Tissues 

Prothrombm-j- Ca+++ Thromboplastins-:— Blood Platelets 
{inactive) I ! ! \Plasma 

b 

Thrombin + Fibrinogen 
(active enzyme) 1 I 

* 

Fibrin 

1 Macfariane, J elm Path , 1948, 1, 113 

"■ Quick, Hemorrhagic Diseases and Haemostasis, Springfield, 1942, Physiology and 
Pathology of Hmmosfas is, 1951 Astrup, Advances m Enzymology, 1950, 10, 1 

Not to be confused with homeostasis, a word coined by Cannon to signify maintenance 
oi the constancy of the internal environment 
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Circulating heparin, which acts as an antithrombin, is neutrahzed by the 
newly formed thromboplastin 

This simple scheme, which is so easy to remember, accounts for most of 
the mam facts of blood coagulation but does not account for all Any 
attempt to account for all the facts reveals the coagulation process as it 
really is, namely as an elaborate senes of physico-chemical reactions involving 
some of the proteins and certain other of the constituents of a complex 
colloidal system, namely the plasma J 

Role of Calcium — Ionic calcium is essential for clotting Clotting is 
prevented ( 1 ) by addition of K oxalate which gives rise to a precipitate of 
insoluble Ca oxalate, or ( 11 ) by addition of Na citrate which forms a soluble 
compound, Na calcio-citrate , but as the calcium is bound with the citrate 
radical it is no longer in the ionic form For special purposes sodium fluoride 
is added to prevent clotting since it has the additional property of inhibiting 
blood enzymes Decalcified blood or plasma will clot on addition of adequate 
amounts of a soluble lomzable calcium salt, e g CaCl 2 The normal serum 
Ca level (10 mg total, 5 mg ionized per 100 c c ) is more than adequate for 
optimal speed of blood coagulation In hypercalcremia due to parathyroid 
excess (p 1006) intravascular clotting may occur just before death Ca^ ions 
are necessary for the activation of prothrombin but not for the action of 
thrombin on fibrinogen 1 

Fibrinogen is a protein with a long thin thread-like molecule (dimensions, 
900x33 A U ) , its molecular weight is nearly 450,000 , its isoelectric point 
is pR 5 5 , and as is the rule with proteins, it is readily precipitated at this 
pH after reducing the electrolyte content of plasma by preliminary dialysis 
or dilution with distilled water It is precipitated by beating to 47° C It 
is probably formed m the liver , exclusion of the liver leads to a rapid fall 
m plasma fibrinogen concentration, indicating that it is rapidly utilized, 
though where or for what purpose is unknown Fibrinogen is converted by 
thrombin into fibrin Cases have been recorded m which the blood was in- 
coagulable owing to the complete congenital absence of fibrinogen 2 

Fibrin — In clotting blood, fibrin is laid down as a network of fine threads 
which entangle the formed elements of the blood, principally the red cells 
The freshly formed threads are extremely adhesive, sticking to each other, 
to the blood cells, to the tissues, and to certain foreign surfaces , this 
adhesiveness makes the clot an effective haemostatic agent Freshly shed 
blood sets m a soft jelly-like mass , gradually this clot contracts down 
(retracts) to about 40% of its original volume squeezing out serum 3 , plasma 
clots can contract down to as little as 10% of their original volume The 
final clot is tougher and more solid and elastic and is presumably a more 
efficient bung to damaged vessels Clot retraction is impaired if the platelets 
have been artificially removed or m disease conditions with a low platelet 
count, although the speed of clotting is not prolonged (p 159) , it is not 
known how the platelets promote clot retraction Clots formed m the tissues 

1 Oxalate plasma is prepared as follows Blood withdrawn from a blood vessel into 
a receptacle containing potassium oxalate (to a final concentration of 0 1%) is centrifuged 
and the supernatant plasma ( oxalate plasma ) is removed 

2 Prunty, Brit J exp Path , 1946, 27, 200 

2 The essential difference between plasma and serum is that plasma contains fibrinogen 
and is coagulahle while serum (having been squeezed out from the clot) contains no 
fibrinogen and is not coagulahle 
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have ultimately to be disposed of as healing takes place , the dissolution of 
the clot — -jibi vnolysis — is due to the action of proteolytic enzymes m the 
plasma •which become activated 

Thrombin —The properties of this substance will be considered here , 
its mode of formation m shed blood is discussed below (p 142) The most 
purified specimens of thrombin are very potent and can coagulate at least 
600 times their weight of fibrinogen Thrombin is an albumin, with a 
molecular weight of 75,000 , it contains no P or Ca , its properties are those 
of an enzyme The velocity of the thrombin-fibrinogen reaction is accelerated 
by increased concentration of thrombin (Fig 74) The reaction proceeds 
slowly at low temperature, accelerates with rising temperature to an optimum 



THROMBIN UNITS 

Fig 74 — Relationship of Concentration 
of Thrombin to Clotting Time of 
Oxalated Plasma (A) and a Fibrin 
ogen Solution (B) (McFarlane, J 
elm Path , 1948, 1, 126 ) 



TEMPERATURE °C 


Fig 75 — Effect of Temperature on 
r w T - - r Normal Whole 
J dm Path , 

1948, 1, 126 ) 


at 40° C and then declines , thrombin is destroyed by heating to 60° C 
(Fig 75) 

Exactly what thrombin does to fibrinogen to make its molecule insoluble 
in water is unknown, presumably it alters its molecular configuration 
Thrombin has been thought to be a proteolytic enzyme but this is uncertain 
It must be emphasized that thrombin can act m the complete absence of 
Ca++ ions, i e it clots oxalated plasma , Ca ++ ions thus play their part m 
the earlier stages of the coagulation process 1 

Prothrombin. — This inactive precursor of thrombin is a globuhn which 
is present m the circulating blood m a concentration of about 40 mg per 

1 Intravascular Injection of Thrombin — If large amounts of thrombin are injected 
intravenously {eg 3 mg into a 2 kg rabbit), death occurs within a few minutes from 
extensive intravascular clotting, especially in the great veins and heart No immunity 
against thrombin can be produced by repeated injections of minimal amounts of thrombin 
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100 C c of plasma It is precipitated at pH 5 6 and destroyed by beating at 

Prothrombin is formed m the liver , its concentration m the plasma falls 
rapidly after hopatcctomy Its formation depends on an adequate supply 
and satisfactory absorption of vitamm-K (p 151) In new-born babies 
the plasma prothrombin is considerably lower than in older children 
(P 153) 

Inception of Blood Clotting —Thromboplastins —The following 
observations are relevant to a consideration of this question 

( 1 ) Blood carefully withdrawn from a blood vessel without contamination 
with tissue fluid does not clot if lrept in a container with a surface which 
is not water-ivellable, eg paraffin-hned or made of a plastic like silicone 
The addition to such a blood of a natery extract of almost any tissue 
(especially bram, lung, testis, platelets) promotes rapid clotting Thus 
circulating prothrombin in the presence of Ca ++ ions remains inactive , it is 
activated by the complex materials which are present in tissue extracts and 
are called thromboplastins ( i e “ clot promoters ”) 

(u) Blood collected as above ( t e free from tissue fluid) but brought m 
contact with a water-wettable surface, rapidly clots The greater the surface 
of contact, the greater is the rate of clotting It is presumed that thrombo- 
plastins are liberated by contact with such a surface (a) from the platelets 
which rapidly disintegrate m such circumstances, and (b) from an inactive 
precursor m the plasma (a view supported by observations on haemophiliac 
blood (p 150)) 

(in) When bleeding occurs following an injury, thromboplastins are 
liberated from all the sources enumerated above, namely damaged tissues, 
disintegrating platelets, and altered plasma 

(iv) Nature of Thromboplastins — This question is unsettled , prob- 
ably natural thromboplastin is an enzyme protein combined with a kpide 
(resembling cephahn) which activates the enzyme Aqueous extracts of tissues 
contain the protein fraction , ether extracts the lipido fraction , the separated 
fractions are less effective than the entire complex A very potent thrombo- 
plastin has been extracted from the venom of Russell’s viper , added to 
plasma (even haemophiliac plasma) it produces rapid clotting , but it does 
not clot plasma from which the bpide has been removed The venom thus 
resembles the protein (enzyme) component of natural thromboplastin m 
needing the presence of an activator (bpide) for its effective action Tissue 
extracts yield the whole active hpo-protem , platelets may yield the hpide 
factor In shed plasma the protein-enzyme is probably liberated from an 
inert precursor and is then suitably activated by the natural lipides of the 
plasma 1 

(v) Mode of Action of Thromboplastin — In the presence of Ca ++ and 
thromboplastin, prothrombin is activated to thrombin As the thrombin 
molecule is smaller than that of prothombm and also contains no P or Ca, 
there is no question of the reaction being a simple additive one The enzyme 
component of thromboplastin is beheved to spkt off part of the prothrombin 
molecule thus converting it into active thrombin [Other proteolytic 

i It has been suggested that there is a plasma fraction (thrombocytolysin) which destroys 
(lyses) platelets thereby liberating their contained hpoid clotting factor This factor is 
deficient in lnemophiba 
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enzymes — e g crystalline trypsin — produce coagulation m the same way , 
and", as might be expected, agents which inhibit proteolysis inhibit blood 
coagulation ] 

In addition thromboplastin neutralizes the circulating heparin — which is 
an antithrombm — permitting the newly formed thrombin to act 

Thrombin is probably formed in small quantities naturally m the circu- 
lating blood It is immediately antagonized by heparin , m addition it 
combmes with and is inactivated more gradually by an albumin fraction, 
consequently called antithrombm 1 

Simple Coagulation Time — This is most easily measured by finding the 
time taken for blood (collected by venepuncture or capillary puncture) to 
clot m fine capillary tubes , the absolute values are of little interest, but 
comparative values for normal blood and the blood under investigation are 
most useful Prolongation of simple coagulation time is evidence of gross 
impairment of blood coagulability Such studies show that most of the 
coagulation factors are present in considerable excess for the conditions used 
m the measurement , thus coagulation time is unaltered until (i) fibrinogen 
is almost completely absent, (u) prothrombin is reduced to less than 10% of 
normal or (in) total serum Ca is reduced below the level at which tetany 
occurs (5 mg per 100 c c ) , in other words the dominant factor normally 
controlling the clotting time of whole blood is the concentration of thromboplastin 

Clinical Estimation of Prothrombin — The principle employed is as 
follows Oxalate plasma is prepared , more than enough ionized Ca salt 
and thromboplastin (le brain or lung extract) are added to produce 
optimum conditions for the activation of the prothrombin to thrombin It 
is assumed that the concentration of fibrinogen and of all other accessory 
factors is normal The rate of clotting induced m these circumstances depends 
on the amount of thrombin formed and therefore on the initial prothrombin 
concentration The time of clotting so produced is called the accelerated 
clotting time or the (Quick) prothrombin time (after Quick, whose techmque is 
commonly used) , a prolonged clotting time means a lowered prothrombin 
concentration Curves have been constructed (Fig 76) showing the relation- 
ship between prothrombin time and the prothrombin concentration (as a 
percentage of the normal) , a prothrombin percentage of 100 represents the 
normal concentration in plasma In Fig 76 100% corresponds to a clotting 
time of 25 seconds The actual normal clotting time obtained varies with 
each sample of brain extract and with some samples may be as low as 12 
seconds Pathological samples should therefore always be compared with 
normal controls It should be noted that the prothrombin may fall to nearly 

1 Anticoagulants — Coagulation may be prevented or delayed as follows 

(1) Prevent tbe blood from coming into contact with a water wettable surface (e g 
collect m a paraffin-coated vessel), or rapidly cool blood to 0° C These measures prevent 
the plateletB and corpuscles from disintegrating, and so delay the formation of thrombo 
plastic substances (p 142) 

(2) Bemove free calcium ions from the solution (p 140) 

(3) Addition of neutral salts, e g half saturated Na 2 S0 4 This dilutes the blood and 
apparently impedes the mteraction of the various substances concerned m clotting 

{4) Use of heparin or related substances (e g hirudin) , (injection of peptone leads to 
hberation of heparin) (p 144) 

(6) Use of dicoumarol (p 154) 

Clinically, to keep blood fluid for transfusion purposes, sodium citrate is generally 
employed To prevent or retard blood clotting in vivo heparin or dicoumarol is used 
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half with only a small prolongation of clotting time , when the prothrombin 
concentration falls below 50% the clotting time is greatly prolonged 1 2 
Heparin -• Heparin was first isolated from the liver (hence its name) 
and shown to be a powerful anticoagulant substance , it was subsequently 
emonstrated m extracts of many other organs, c g lungs Heparin is 
probably normally secreted by a scattered widely distributed system of 
connective tissue cells called the mast cells , it helps to maintain the normal 
fluidity of the blood within the vascular bed 



PERCENTAGE PROTHROMBIN IN PLASMA 

Fig 76 — Eolation between Prothrombin Time (time taken for oxalate 
plasma to clot on addition of Ca++ ions and tissue thromboplastin) 
and Prothrombin percentage ( 100=normal concentration) m Plasma 
(Kark el at , Quart J Med , 1940, 9, 251 ) 


Heparin inhibits blood coagulation both m vitro and in vivo , it acts 
slightly by preventing the activation of prothrombin to thrombin but mamly 
by neutralizing the action of thrombin itself 1 mg of a purified heparin 
preparation added m vitro to 500 c c of freshly withdrawn cat’s blood kept 
at 0° 0 may prevent its coagulation for 24 hours Chemically heparin is 


1 The above account has been deliberately over simplified for the sake of relative 
clarity The following observations are worth mentioning in a footnote 

Prothrombin probably consists of two components, one labile and easily destroyed by 
heat and storage, the other relatively stable to heat and storage The stable factor can 
be adsorbed on aluminium hydroxide and is the component which is decreased m the 
plasma of patients treated with dicoumarol Plasmas treated in any one of the above 
ways all have long prothrombin times, but when heated or stored plasma (containing the 
stable factor) is mixed with a little normal plasma, or with adsorbed plasma, or with 
plasma from dicoumarolised patients (containing the labile factor) the prothrombin time 

is much shortened ,, , , 

Owren described a case similar to hemophilia, but with a long prothrombin time, 
which was restored to normal by the addition of a little normal plasma He called the 
substance active m normal plasma, factor 5 Owren’s factor 5 is probably the same as 
the labile component of prothrombin 

A co factor is said to be necessary for the activating action of Ca++ ions 

2 Jorpes, Heparin, London, 2nd edn , 1947 Quick, Physiol Rev , 1944, 24, 297 
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a polysaccharide built from glucosamine (ammo-glucose) and glucuronic acid, 1 
and cont ainin g many sulphate groups , it is thus related to mucoitm sulphate 
(of mucus) and chondroitm (of cartilage) (p 839) A comparative study 
suggests that other high-molecular-weight polysaccharides containing several 
sulphate groupmgs possess hepann-hke properties Thus, if cellulose, 
glycogen, or starch are sulphated, they become highly anticoagulant (but, 
unfortunately, more toxic than heparin) , monosaccharides or disaccharides, 
however, when similarly treated, remain inactive Some of the artificial 
anticoagulants such as Chicago blue and similar dyes, novirudm, or the 
natural substance hirudin, extracted from the head of the leech, have a 
similar chemical constitution 

Certain dyes conta inin g the groupmg =NH, change colour when added 
bo a heparin solution m a test tube , this property is called metachromasia , 
toluidme blue, for example, changes in colour to purple m the presence of 
heparm [The reaction is specific for sulphuric acid esters (R — 0S0 3 H) 
and their salts if they have a high molecular weight ] Heparin is quantita- 
tively precipitated from watery solution by toluidme blue and thus rendered 
mert , this reaction has been developed as a quantitative test for heparin 
Prolamine has a similar precipitating action to that of toluidme blue 

Mast Cells — These cells, first described by Ehrlich, are widely dis- 
tributed m many organs of all species from fish to man They are found 
smgly or m clumps , characteristically, they are arranged in close proximity 
to the walls of small blood vessels, and may even replace the lining endo- 
thelium The cells contain numerous heparm granules which give a typical 
metachromatic purple reaction with toluidme blue 

(1) There is a correlation between the number of mast cells m a tissue, 
its S0 4 " content, and the amount of heparm that can be extracted from it 
Thus the liver of sheep and oxen contains many mast cells and yields much 
heparm , the reverse is the case with the liver of the rat On the other 
hand, the subcutaneous tissue m the rat is rich both m mast cells and heparin 
content Considerable amounts of heparm are found m the walls of the large 
vessels, e g aorta and vena cava, where, too, the yield is related to mast cell 
concentration 

(2) In conditions m which the heparm content of the blood is raised 
(e g peptone shock, v infra) the mast cells show loss of both granules and of 
metachromatic reaction 

(3) Metachromatic extracellular substance is also found under the mtima 
and especially m the media of the aorta round the elastic fibres , it is also 
present in the substantia propria of the cornea These findings, too, are 
related to a high heparm content 

Peptone Shock — The mtra venous injection of peptone produces a pro- 
found fall of blood pressure and incoagulability of the blood owing to an 
increase m heparm content , the mast cells appear exhausted from loss of 
granules (Fig 77) The blood platelet count falls The addition of toluidme 
blue to the blood reduces its coagulation time (by precipitating heparm) 
The heparm equivalent of the blood (judged by the toluidme blue reaction) 
m peptone shock is 3-6 mg per 100 c c compared with a normal concentration 

1 Glucose =CH 2 OH(CHOH) 1 CHO ) 

Glucuronic acid=CH a OH(CHOH) 4 COOH >For open chain structure, see p 844 

Glucosamine = CH a OH (CHOH) 3 CHNH, CHO j 
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j! ° ^ Injection of peptone acts similarly m the liverless animal 
It seems probable therefore that it acts on the mast cells generally, causing 
them to discharge their heparin store b y 8 



Fio 77 — Liberation of Heparin from Mast Celia in Liver (Wilander, Skand Arch 

Physiol , 1928, SI, Suppl 15 ) 

A Normal liver (dog) x 1150 ri\cd with 4% basic Pb ncctato and stained with 1% nq toluldlne blue 
Jho mast colls (51 C ) arc arranged round a small blood vessel and tilled with well marked granules 
of heparin h C =hepntic colls, M C = mn<st cells 

I! I Her after peptone shock I lie grannies in the mast cells (M C) are diminished in number, smaller, 
and more falntlj stained 

Normal R6le of Heparin — The facts presented make it likely that the 
mast cells normally secrete heparin mto the blood to help maintain its 
fluidity, partly by preventing the activation of prothrombin, but mainly by 
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Fig 78 — Action of Single Injection of Hepann on Blood Clotting 
Time Normal subject (weight=73 kg ) 

At the arrow inject 6000 units of hepann intravenously [1 umt=0 009 mg of 
pure hepann sodium salt , 6000 units =45 mg ] 

Normal clotting time=5-10 minutes 

A blood sample withdrawn 15 minutes after the injection did not clot in 3 hours , 
a sample withdrawn after 30 minutes clotted in 90 minutes The clotting time 
returned to normal in about 3 hours (Argent, Gilhatt, and Slack, Middlesex 
Sasp J , 1948, 48 ) 

neutralizing any thrombin that might be formed When blood is shed, 
heparin is put out of action by the thromboplastins which are liberated from 
damaged tissues, so permitting the rapid conversion of prothrombin mto 
thrombin and the subsequent action of thrombin on fibrinogen 
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Use oe He parin — Heparm can be employed to keep blood fluid %n vitro 
for purposes of analysis or m vivo m various experimental conditions It 
may be added to tbe donor blood m blood transfusions 

Heparin may be injected intravenously in cases of commencing or de- 
veloped thrombosis, e g in tbe deep vems of tbe leg after operations, or m 
the coronary or cerebral vessels, m tbe hope of preventing tbe spread of tbe 
intravascular thrombosis , favourable clinical results have been reported 
Fig 78 shows that a single intravenous m]ection of 5000 units (=45 mg ) 
of heparm produces a striking effect on the blood clotting time , samples 
collected after 15 mmutes may have a clotting time which exceeds 3 hours 
(normal, 5-10 minutes) As heparm rapidly disappears from the blood the 
effects pass away m a few hours In the case illustrated by Fig 79 repeated 
doses ot heparm produced a sustained and progressive increase in the clotting 



Fig 79 — Action of Repeated Intravenous Injections of Heparm on Blood Clotting 
Time m Case of Venous Thrombosis 

The patient, aged 65, weight 51 kg , had a carcinoma of the rectum removed by the perineal route On 
the eighteenth day he complained of pam m the right calf, there was pitting oedema of the right 
ankle and deep calf tenderness, indicating thrombosis in the deep veins of the calf Heparm was 
given intravenously, generally at four hourly intervals (=30,000 units m all) m the first 24 hours 
During the second 24 hours the total dose was 20,000 units Tho blood clotting time (normal = 5-10 
minutes) was progressively raised to 25 minutes, t e the blood was much (ess coagwablc On tbe third 
day only 5000 units were injected Recovery was uneventful (Argent, Uilliatt, and Slack, Middlesex 
Hasp J , 1948, 48 ) 

time There are, however, marked individual variations in the response 
observed , probably heparm is best given clinically by means of a continuous 
intravenous drip transfusion, the amount administered being adjusted to 
maintain the desired level of blood clotting time Heparin therapy has the 
advantage over dicoumarol (p 154) that its effects wear off quickly when 
administration is stopped and so a dangerous degree of incoagulability of the 
blood can be avoided or soon remedied 

Intravascular Thrombosis 1 — The pathologists use the word thrombus 
to describe a * pecuhar clot formed during life m the streaming blood ” , 
the responsible process called thiombosis is distinguished from the usual 
extravascular clottiug, or clotting m wounds, or clotting occurring m the 
blood vessels after death Fundamentally “thrombosis”, like “clotting”, 
consists of fibrin formation , but there are differences described below which 
are due to the fact that the blood is streaming and not stationary 

1 Marple and Wright, Thromboembolic Conditions and their treatment with Anticoaqulants 
1950, Springfield, Illinois 
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Thrombosis always begins by deposition on the wall of a blood channel 
of masses of platelets winch grow by adhesion of other platelets as they flow 
7 > tile ianiimo of platelets (which fuse together and lose their identity) 
stand out as layers running transversely to the blood stream , passing leuco- 
adhere to their borders ("like flies on sheets of sticky flypaper”) 
{ Mg 80) The platelets liberate thromboplastins “ so that filaments of fibrin 
spread out from them on all sides and meeting with filaments from the next 
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Fig 80 — Structure of Intravascular Thrombus 

Iho pale translucent lamlnto are the fused masses of platelets (A) The dense lajer 
of deeply staining cells adherent to the lnmimo are leucocytes (B) Between the 
platelet la in! me is a fibrin network entangling disintegrating red cells and some 
leucocytes (C) (McCollum, Text Booh of Pathology, W B Saunders, Philadelphia 
and London, 1941) 

lamella hang m festoons between them ” The lamelke of platelets thus 
“ braced together by fibrin ” entangle masses of red cells so that finally a 
solid mass of peculiarly constructed “ clot ” — in fact, the “ thrombus ” — is 
formed (McCallum ) The red cells disintegrate and lose their hasmoglobm , 
the initial red thrombus as it ages becomes yellowish grey , but newly formed 
thrombi added to it will be red 

Thrombi form most readily where there is ( 1 ) local damage to the vascular 
endothelium, and (n) slowing down of the blood stream, eg m small leg 
veins (infra), on atheromatous patches in small arteries, on damaged valves 
m the heart, or in the auricular appendage m auricular fibrillation It is 
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surprising however to find thrombi forming on the damaged wall of the aorta 
where “ it might seem that the pulsating torrent of blood would allow no 
chance for the deposition of pioneer platelets ” 

Post-Operative Thrombosis, Thrombophlebitis or Decubitus Throm- 
bosis — After surgical operations (especially those involving the abdomen) 
or childbirth, and m patients confined to bed for long periods, thrombosis 
may occur m the leg vems , the condition is called post-operative thrombosis, 
decubitus thrombosis (because the recumbent position is an important causal 
factor), or thrombophlebitis (because the thrombosis is accompanied by 
changes m the vein wall) The thrombosis sets in within 3 weeks of the 
operation , it begms m the vems of the calf muscles and the plantar region 
and spreads upwards, m some instances ascending to the popliteal, femoral, 
or even lhac vems 1 In a small proportion of cases of thrombosis fragments 


of clot become detached [em- 
bolus) and settle m and ob- 
struct the pulmonary vessels 
producing infarction of the 
lungs , sometimes the cerebral 
vessels and rarely the coronary 
vessels become blocked m this 
way 

Mechanism of Decubitus 
Thrombosis — This condition 
is due partly to changes in 
the circulation and m the 
properties of the blood and 
partly to local injuries to the 
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(l) The circulation m the 
veins of the legs and trunk 
(but not m the arms) is con- 
siderably slowed down after 
operations The normal 


Fig 81 — Relationship between Changes m Blood 
Platelet Count and “ Stickiness ” and the 
incidence of Post operative Thrombosis (After 
Helen Payhng Wright ) 

' Stickiness " of platelets in arbitrary uuits 


venous return depends on 

muscular contraction and respiratory movements , after abdominal operations 
the legs are moved very little, and the movements of the diaphragm may 
be hampered by a tight abdommal bandage or by flatus or inhibited by the 
pam of the abdominal incision Thrombosis is much rarer after operations 
on the upper part of the body 

(n) There are changes m the composition of the blood owing to the general 
tissue response to the trauma (a) The plasma fibrinogen concentration is 
raised , this may mcrease the sedimentation rate of the red cells (p 173) 

( b ) The platelet count is raised , the platelets also become more “ sticky ” 
and so more hable to adhere to the lining of the blood vessels There is a 
direct relationship between the extent of these blood changes and the in- 
cidence of intravascular thrombosis (Fig 81) 

(m) Sepsis may be a factor , thus most strains of Staphylococcus aureus 
produce a toxin which rapidly clots human blood 

(iv) The calf veins may be damaged owing to the limbs lying 


See legend to Fig 79 for a clinical report of a typical case 
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limply on the operating table or m bed, thromboplastins are 
liberated locally promoting thrombin formation P 8 are 

The mode of formation and 
spread of the thrombus was 
described above (p 148) 

The use of heparin and 
dicoumarol to prevent the onset 
or spread of thrombosis is con- 
sidered on pp 147, 154 

Haemophilia 1 is an inherited 
anomaly usually transmitted by 
females, who themselves show 
no symptoms, to males who 
manifest signs of the disease 
(Fig 82) The condition is 
characterized by a marled in- 
crease in the coagulation time 
Blood should be collected for 
examination bv venepuncture , 
normal blood under these con- 
ditions (i e id the absence of 
thromboplastins) clots m 5-10 
minutes, while haemophiliac 
blood may take from 1-12 hours 
Severe bleeding occurs after 
injuries of any kind, even of the 
most trivial charactei There 
tendency, however, to 
spontaneous haemorrhage, thus 
distinguishing the condition from 
purpura (p 157) 

The abnormality responsible 
for haemophilia is probably a 
deficiency of a plasma “ throm- 
boplastin ” The following points 
should be noted 

(l) The concentrations of 
fibrinogen, Ca++ ions, pro- 
thrombin, platelets, and heparin 
are normal 

(ii) The patient’s prothrom- 
bin is activated normally by 
adding excess Ca 4+ ions and 
tissue thromboplastins 
(in) Intravenous injection of 100 c c of normal blood (but not of haemo- 
philiac blood) shortens the coagulation time to about normal 

(iv) Injection of Cohn’s protem Fraction 1 (p 136) (containing fibrinogen 

1 Howell, Bull N Y Acad Med , 1939, 15, S Minot et al , J elm Inveshg , 1945, 

21, 704 , 1946, 25, 870, 876 Pavlovsky, Blood, 194 7, 2, 185 Craddock and Lawrence, 
ibid , 505 


Fig 82 — Transmission of Hiemoplulia by Con 
ductor Femalo to Hiemopluhftc Son nDd 
Conductor Daughter 

[]= normal x ehromosomo 
| —x chromosome responsible for luomophilia 
Q‘-y chromosome 

The sc\ chromosomes In the female arc similar in appear- 
ance and arc labelled x and x , in the male the sex is no 
chromosomes are x, combined with a minute and 
negligible chromosome labelled y The gene respon 
siblo for h'omophilm Is present In the x cliroinosome , 
in the presence of another normal x chromosome tho 
gene acts as a recessive, j c the individual has no 
signs of haemophilia (but can transmit the disease) , 
certain constituents of the normal x chromosome may 
be responsible for this When the ovum of a con 
ductor female undergoes its reduction division, the 
two resulting cells differ one contains a normal x 
chromosome [], the other a hemophiliac x chromo 
some | At fertilization, if x of tho ovum unites 
with x of a sperm the offspring is a female if x of 
the ovum unites with v of a sperm the result ib a male 
If a lmmophiliac x g (of a lemale) unites with a y 
(of a male) the bajmophihae gene on a: j is tin 
antagonized by a normal x jj and the resultant is a 
1 hcmnopfnliac son If a hsomophiliac xg unites with 
a normal x tho result is a conductor daughter (who 
can transmit the disease but has no signs of it) 

Offspring not containing hajmophihac x Jjare normal 
and their progeny are normal 
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and globulins) extracted from normal plasma but not from hcemophihac 
plasma bas a similar effect As the fibrinogen concentration of haemophiliac 
blood is normal, a globulin component of the added plasma or of Fraction 1 
is presumably the active agent , likewise haemophiliac plasma clots normally 
m vitro on adding normal plasma free of platelets, fibrinogen, or prothrombin 

It seems that in haemophilia a normal plasma thromboplastin is missing 
and that it is essential for satisfactory thrombin formation Presumably 
this plasma thromboplastin is associated with the globulin fraction As a 
helpful measure to cope with local and accessible bleeding in haemophilia a 
preparation rich m thromboplastins (hke the venom of the Russell viper) 
may be apphed on a dressing at moderate pressure and usually produces 
satisfactory clotting - ' 

Vitamin-K and Blood Clotting 1 — Vitamin- A is a complex naphtho- 
quinone derivative which is indispensable for the synthesis of prothrombin 
by the hver , in the absence of the vita min the plasma prothrombin concentra- 
tion is reduced, the coagulation time of the blood is correspondingly prolonged 
and serious haemorrhages may occur 

Distribution and Chemistry — Vitamin -A is widely distributed m 
nature , thus it is found m traces m green vegetables, cereals, and animal 
tissues generally It can be synthesized by many bacteria including those 
normally present m the human intestine (eg B coh) , the bacterial flora 
probably provide an adequate supply of vitamm-A in man Vitamin- A 
deficiency from dietary abnormalities is very rare m man 

The formula of 1 4 naphthoquinone (which contains an 0 atom at the 
1, and 4, positions) and the method of numbering the positions m the rmg 
are indicated below 



0 4 


1 4 napthoquinone 

Natural vitamin- A is 2-methyl-3-phytyl-l 4 naphthoquinone (Fig 83) 
It is soluble m fat-solvents but insoluble m water , it can therefore only be 
administered by mouth or intramuscularly Many substances of related 
chemical constitution with vitamm-A activity have been synthesized The 
most potent (with three times the activity of natural vitamin- A) is 2-methyl- 
1 4 naphthoquinone , it is interesting to note that a closely similar substance 
chemically (2-methyl-3-7iydroa;?/-l 4 naphthoquinone (phthiocol) )is almost 
inert biologically Water-soluble analogues have also been prepared (e g 
4-amino-2-methyl-naphthol-hydrochloride) which can be administered intra- 
venously 

Absorption in Intestine — Absorption of vitamm-A from the small 
intestine only occurs m the presence of adequate amounts of bile salts (which 
are also necessary for the absorption of other fat-soluble substances hke 
vitamm-D and the fats of the food (p 798)) 

j 1 ® utfc and Snell, Vitamm-K, Philadelphia, 1941 Almquist, Physiol Rev , 1941, 21, 
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VITAMIN-# DEFICIENCY 

The vitamin is absorbed into the lacteals and passes into the thoracic 
diict , on reaching the liver it participates in the processes leading to the 
synthesis of prothrombin , the vitamin is not incorporated m the prothrombin 
molecule which is a protein contaimng no naphthoquinone If bile is excluded 
from the bowel, vitamin-# absorption does not occur , if the liver is damaged 
or extirpated, prothrombin formation is decreased or stops altogether 

Clinical Conditions associated with Vitamin-K Deficiency — 
(1) Obstructive Jaundice — In this condition bile is excluded from the 

0 



0 

0 

H Jl 

H II 

h (^VY H3 

H(^V\ch3 


fxl 

lo] 

=\ 

J 

X 

H if 

H 

0 

0 

2 methyl 1 4 

2-methyl-3-h}dioxy-l 4 

naphthoquinone 

naphthoquinone fphfhiocol) 



(3, 3'— methylene— bis— (4 hydroxy)— coumarol ) 

Fig 83 — Chemical Structure of Vita mm-K and related Substances 

bowel owing to obstruction somewhere in the biliary passages The absence 
of bile salts from the bowel prevents vitamin-# absorption with the ex- 
pected results of lowered plasma prothrombin, 2 prolonged clotting time, and 
hemorrhages In untreated cases operative procedures may involve death 
from uncontrollable bleeding The state of the blood may be restored to 
normal (i) by giving bile salts alone or bile salts plus vitamin-# by mouth 
(Fig 84) , (n) more rapidly by injecting vita mm-# intramuscularly , (m) 

t Mann and Higgms, Blood, 1950, 5, 177 
a y or estimation of plasma prothrombin clinically see p 143 
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improvement can be produced within 2 hours by intravenous injection of a 
water-soluble vitamin- A analogue 

(2) The syndrome of vitamin-# deficiency has been reported in cases of 
ulcerative colitis The cause may be (i) failure of absorption as a result of 
the altered state of the intestinal wall and the associated diarrhoea, or (u) an 
abnormal state of the intestinal bacteria leading to defective synthesis of 
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Fig 84 — Action of Vitamin K by Mouth with and without Bile in 
Case of complete Obstructive Jaundice 

Vertical axis Prothrombin time (^accelerated clotting time) m gee (te clotting 
time of oxalated plasma after adding Ca ++ and thromboplastin, Quicks 
method) Normal— 25 sec In this case of obstructive jaundice the pro- 
thrombin time was 70-100 sec ( i e the prothrombin concentration was less 
than 20% of normal (cf Nig 76)) Vitarmn-U, 200 mg daily by mouth 
wa8 Ineffective , but vitamin K plus bile by mouth produced prompt 
restoration of plasma prothrombin to normal (Butt and Snell, Vitamin K, 
Philadelphia, 1941 ) 


the vitamin 1 The syndrome may also occur associated with defective fat 
absorption m sprue 

(3) Liver Disease — In acute and subacute hepatitis and frequently m 
cirrhosis or malignant disease of the liver there may be failure of prothrombin 
formation with the usual sequelae, hut the condition does not respond to 
vitamm-if administration by any route (Fig 85) This lack of prothrombin 
response has been used as a test of liver efficiency (p 831) 

(4) Hemorrhagic States in Infants 2 — As already mentioned (p 142) 
new-born babies commonly have plasma prothrombin concentrations which 

* and Souter, Lancet, 1940, u, 1150 

The infants also suffer from severe jaundice, marked anaemia, and widespread oedema 
■the relation of the vitamin lack to these other manifestations is unknown 
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»rc as low as one-third to one-sixth of normal , the deficiency is even more 
marked m premature babies Usually the plasma prothrombin returns 
to normal during the second week after birth A grave haemorrhagic state 
lias been described m infants in whom for some unexplained reason the 
plasma prothrombin falls to less than 2% of normal If vitamm-A is given 
in laige doses complete recovery of the blood may occur in less than 48 hours 1 
Dicoum-AROI/ — This substance is related chemically to the naphthoquinone 
derivatives with vitamin- JT activity as is shown by a study of Fig 83 Because 
of this chemical resemblance, dicoumarol acts as an anli-Vifamm-K by the 



FlG 85 — Absence of Prothrombin Response to treatment wi u 
Vitamin K analogues in Acute Hepatic Insufficiency 

Case or acute ycJJon atropbj of the liver (acute hepatitis) Prothrombin time 
50 sec (normal, 25 see ) corresponding to prothrombin concentration of 
30% of normal Treatment consisted or 
(1) Intravenous Injection of 0 cc daily of a water soluble vitamin £ 
analogue (as shown by the upper arrows) for 5 dajs „ , . 

(Ji) 2 mg of 2 niethj 1 1 4 naphthoquinone daily by mouth for the last 
3 days (lower arrows) . , 

The condition steadily got worse Prothrombin time rose to lOo sec 
(=prothrombln concentration of under 10% of normal), before death 
occurred (Kark and Souter, Lancet, 1940, li, 1150 ) 


method of substrate competition (cf p 509) It is thought that in the liver 
dicoumarol replaces vitamm-A at the latter’s normal site of action and thus 
prevents the vitamin from carrying out its normal physiological function 
As dicoumarol cannot be utilized by the liver m the synthesis of prothrombin, 
the syndrome of vitamin- A deficiency develops, i e the plasma prothrombin 
level falls and blood coagulability is depressed In tins way dicoumarol acts 
as an anticoagulant, but only m vivo It is active by month and one dose 
may produce an effect lasting for a week or more (Fig 86) Dicoumarol 
has been used clinically, eg m phlebitis and coronary thrombosis As the 
action of dicoumarol is so prolonged , repeated doses may produce a cumulative 
effect the plasma prothrombin may fall so much that dangerous hsemor 
rhages may occur 2 The drug should, therefore, only be used where there 

1 Dam, Tage Hansen, and Plum, Lancet, 1939, u, 1157 

a Thorsen, Lancet, 1947, i, 420 
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are adequate facilities available for accurate frequent determinations of the 
plasma prothrombin level and for blood transfusion 1 

Blood Platelets —The led marrow contains giant cells ( megakaryocytes ), 
which may attain a diameter of 40 fi and contain an irregular rmg of lobed 
nuclei These giant cells throw out pseudopodia which pass through the 
wall of the sinusoids and constrict off part of their substance to form the 
blood platelets ( thombocytes ) With Leishman’s stain, the platelets appear 
as round or oval bodies 2 5 /t in diameter, with faint blue cytoplasm and 
distinct reddish-purple granules If the stain is precipitated on the granules 
an appearance simulating a nucleus is produced The normal platelet count 
is 250,000-500,000 per c mm 2 , in disease conditions the count varies as a 



Fig 86 — Action of Dicoumarol on Plasma. Prothrombin Concentration 

Vertical axis plasma prothrombin concentration 100%=normal concentra- 
tion, lower values slower concentrations and therefore prolonged clotting 
time The effects of taking by month 0 25, 0 5, 0 75 and 1 0 g of dicoumarol 
are shown (Redrawn from Lehmann, Lancet, 1942, l, 318 ) 

rule with the number of giant cells in the red marrow 3 They are thus m 
creased m myeloid leukaemia or m Hodgkin’s disease (where they may exceed 
one million per c mm ), and are diminished after large doses of X-rays, which 
destroy the marrow, ox m severe infections of the marrow The duration of 
life of the platelets is a few days 

The platelets are destroyed in the spleen , after splenectomy their number 

1 Burt e( al , Brit med J , 1949, a, 1250, have repeated the results of clinical tests 
with bis 3, 3 (4 oxy coumarmyl) ether acetate (BOEA , trade name “ tromexan ”), 
a new coumarol substance which has the advantages of acting more quickly and being 
excreted more quickly than dicoumarol Its use, however, requires the same rigid 
laboratory control 

2 A platelet count is carried out as follows The greased skin is punctured through a 
drop of sodium citrate solution which decalcifies the blood and preserves the platelets 
The blood is transferred to a small waxed test tube containing citrate solution with which 
it is thoroughly mixed A drop of the greatly diluted blood is examined under a cover 
® “P on a glass slide, and the ratio of platelets to red cells is determined by counting 
100-200 platelets and the red cells m the corresponding fields The red cell count is also 
determined in the usual way If the red count is 5 million per c mm , and the red cell 
platelet ratio is 10/1, then the platelet count is 500,000 per c mm 

In thrombocytopenic purpura, there may be few megakaryocytes in the marrow 
corresponding to the low platelet count Sometimes the number of megakaryocytes 
may be normal , but the cells are then mostly immature and fail to form platelots 
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increases, although only temporarily In conditions of splenic over- 
activity (Hypersplenism, p 229) the platelets may almost disappear from 
the circulation The platelet count is increased after all forms of trauma 
(P M9) 

Functions (1) When blood is shed the platelets disintegrate and 
liberate a thromboplastin which is concerned with the activation of pro- 
thrombin to thrombin (p Id 2) If a film of clotting blood is examined, it 
is noted that filaments of fibrin radiate from the vicinity of altered platelets 
But the platelets are m no way indispensable for blood clotting, thus the 
number of the platelets is unaltered in hremophiha, but the coagulation time 
is greatly prolonged (p 150) , m purpura, on the other hand, the platelets 
may almost disappear from the blood, but the coagulation time is within 
normal limits (p 159) This latter observation indicates that excess thrombo- 
plastin is normally available in wounds from damaged tissue and the plasma 
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Fio 87 — Response of Human Capillaries to Needle Puncture 
A Normal capillary loops In the nail bed of the human finger The arrow Indicates the approximate 
path or tho necdlo ,, ,, r , , , r 

B The punctured capillary has disappeared as a result of contraction (Macfarlane, Quart J Juea , 
1041 , 10 ) 


itself The platelet count is however related to the degree of clot retraction 

(P 159 ) , 7 t 

The role of the platelets m the initiation of intravascular thrombosis is 

fully considered on p 148 

(2) Diminution m the number of the platelets ( thrombopema , thrombo- 
cytopenia) is often associated vnth. purpura , the significance of this observation 

is discussed on p 159 , „ , , , „ , 

Hsemostasis — As pointed out on p 139 arrest of bleeding (lisemostasis) 
does not depend exclusively on coagulation of the blood , conditions of se vere, 
apparently “ spontaneous,” hemorrhage may occur clinically although the 
coagulability of the blood is normal Hemostasis depends m part on appro- 
priate vascular responses at the site of injury If the skin is punctured (e g 
with a needle) a number of capillary loops are damaged , H substance 
is liberated locally (p 325), dilating the affected vessels and bleeding takes 
place After a few seconds the damaged vessels constrict (as seen when th y 
are examined microscopically) and disappear from view (Fig 87) , bleeding 
ceases principally because the vessels have contracted Under the conditions 
of 1 these experiments the arrest of bleeding preceeds blood clotting, for, as has 
been pointed out, “ accelerated blood clotting *n vitro (m the presence of 
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excess calcium ions and thromboplastins) takes 12-25 seconds , without 
such additions shed capillary blood clots in 1-2 minutes The damaged 
capillaries remain shut for 20 minutes to 2 hours , during this period the 
blood that escaped initially has ample time to clot and the clot can become 
tough and firmly secured to the wound Direct experiment m man shows 
that contracted capillaries may resist distension from internal pressures up to 
about 100 mm Hg (p 322) , they can thus withstand the pressure m the 
neighbouring arterioles and small arteries When the capillary circulation is 
finally re-estabhshed resumption of bleeding is prevented by the formed clot 
Tf the edges of the wound have m the meantime come together owing to 
drying of the exudate further security against haemorrhage is obtained 

Haemorrhagic States — The preliminary discussion (above) suggests 
that chmcal haemorrhagic states may be due to (l) defective blood clotting, 
(u) defective capillary contractility, or (m) the combined defects 

(l) In cases of defective blood coagulation a firm clot is not formed following 
an injury during the period of capillary contraction When the capillaries 
finally open up once more, oozing will recommence, and can only be controlled 
by measures, either general or local, that restore blood coagulability 
Clinically, failure of coagulation may be due (a) (very rarely) to lack of fibrinogen 
(p 140) , ( b ) to decrease of prothrombin (p 151) , (c) in haemophilia, owing 
to lack of plasma thromboplastin (p 150) , [d) to lack of the lesser-known 
factors concerned m thrombin formation (p 144) In these chmcal states 
hemorrhages may occur anywhere in the body “ spontaneously ” , it must be 
supposed that the capillaries m many regions are constantly being exposed 
to trivial and unnoticed trauma and that the resulting tiny blood-leaks are 
normally effectively sealed off But when there is decreased blood coagula- 
bility from any cause the normal harmless leaks become noticeable or even 
dangerous haemorrhages 

In haemorrhagic states coagulating agents applied sufficiently firmly on the 
bleeding area may be useful temporarily , e g thromboplastins m haemophilia 
(p 151) or active preparations of thrombm The dressing may consist of 
fibrin sheets or foam which do not need removal and are absorbed during 
healing 

(n) Defective capillary contractility — The chmcal condition in which the 
capillary abnormality results m bleeding is known as purpura, which must 
now be considered 

Purpura 1 — This is a condition with normal blood coagulability m which 
there is a tendency to “ spontaneous ” haemorrhages, usually beneath the 
skin, from the various mucous membranes, and m internal organs Purpura 
may be symptomatic or primary Symptomatic purpura may result from 
various infections (e g infective endocarditis, typhus), from very many drugs 
m susceptible subjects (eg iodine, bismuth, ergot, quinine, sedormid), and 
in cachectic states (eg cancer) Primary (idiopatlnc) purpura occurs most 
o ten in children, has no constant associations with other maladies, and is 
occasionally congenital or hereditary Severe purpura with haemorrhages in 
ne skin and from mucous membranes is called P hcemorrhagica 

In purpura the blood coagulation time is, as stated, normal , but there 
is clear evidence of an abnormal state of the capillary wall The following 
tests are used 

1 Whitby and Britton, Diseases of the Blood, 6th edn , 1930, p 336 
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(1) Capillary Resistance — I f firm pressure (eg by inflating a blood 

° Uff at 60 ^ ? g f ° r 2 mmutes ) or a suction force (eg by the 
negative pressure used m cupping ”) is appbed to the skin, the local (and 
sometimes the distal) capillaries leak blood leading to the appearance of a 
crop of minute haemorrhages (pctechm) , this abnormal response is evidence 
of diminished resistance (increased " fragility ”) of the capillary endothelium 

(2) Bleeding Time —The ear is pricked and the escaping blood is washed 
away with saline or dried every 10 or 15 seconds with blotting paper, 





Fla 88 — Distorted Capillaries and their Response m Primary 
(Athrombocytopenic) Purpura to Needle Puncture 

A Note the abnormally formed capillary which is being punctured 
(needle track shown by arrow ) 

B Immediately after puncture , hromorrliage is taking place from the 
arteriolar limb of the capillary , the capillary has not contracted 

C Two minutes after puncture 

D Fh e minutes after puncture During C and D blood had been escap 
ing continuously from the needle track Note that no capillary 
contraction has occurred (After Macfariane, Quart J Med ,1041, 10 ) 


normally bleeding ceases after 2-6 mmutes Under these conditions no 
blood clot can form locally and arrest of bleedmg depends exclusively on 
capillary contraction In purpura the damaged capillaries fail to close and 
thus bleeding may continue for 10-20 minutes or even longer 

(3) Skin Microscopy — Examination m cases of pnmary purpura reveals 
that the skm capillaries are very irregular and distorted m form, sometimes 
branching , after puncture these vessels remain patent with the result that 
free bleeding proceeds from the needle track for several minutes (Fig 88) 
In symptomatic purpura the capillaries are anatomically normal but (because 
of the presence of a toxic agent oi other cause) they do not contract effectively 
m response to injury 
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The facts just presented indicate the importance of the capillary defect 
m producmg the haemorrhages of purpura Probably the capillary changes 
are localized, thus accounting for bleeding from restricted parts (e g skin and 
mucous membranes) 

Relation of Blood Platelets to Purpura — In many cases of purpura 
there is a reduction m the platelet count (th ombocytopemc purpura) which 
may be mild, e g down to 50,000, or severe, e g , down to 10,000 or even 
1000 per c mm , m some cases, however, the platelet count remains normal 
(athrombocytopenic purpura) With low platelet counts though the coagulation 
time is normal, the clot that is formed is soft and friable, does nor retract 
well, and is doubtless a less satisfactory bung for damaged capillaries 1 It 
is clear, however, that a low platelet 
count alone cannot be responsible for A 

the initial occurrence of haemorrhages 
The injection of agar serum into an 
ammal greatly reduces the platelet 
count, but does not produce haemor- 
rhages The bleeding may cease m a 
severe case of purpura several days 
before the platelet count rises, and 
the platelets have been known to 
disappear clinically from the blood 
without haemorrhages occurring It 
is possible that in some cases of 
purpura enough platelets “ stick ” on 
to the wall of damaged capillaries (as 
they “ stick ” on to any injured 
endothehum, p 148) to lower the 
count in the peripheral blood , alter- 
natively the factors responsible foi the 
capillary abnormahty may be inde- 
pendently destroying the platelets 
Thus in “ hypersplemsm ” there is 
clear evidence of excessive platelet destruction, often associated with 
purpura (p 229) 

Splenectomy cures about 70% of cases of severe thrombocytopenic 
purpura The platelet count usually rises, but does not run parallel with 
the arrest of the haemorrhage It has been suggested that the spleen may 
m some unknown way be responsible for the capillary abnormahty as well 
as for the thrombocytopenia 

Local bleeding m purpura can be controlled by firm pressure which closes 
the damaged capillaries and permits clotting to occur locally 

Hemorrhagic Telangiectasis — This rare condition is an interesting 
example of a haemorrhagic state unquestionably due entirely to a localized 
capillary abnormality The essential lesion is the telangiectasis or group of 

‘Normal blood is allowed to clot round a glass rod and is then kept for one hour at 
37 C , when the clot adherent to the rod is removed, 40% of the original volume of the 
blood is left behind in the form of serum When the experiment is repeated with blood 
from a case of thrombocytopenic purpura, the clot formed is soft and watery and when 
it is removed on the rod only a small volume of serum is left behind 
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Fig 89 — Response of Capillaries in 

Congenital Telangiectasis to Needle 
Puncture 

A Greatly dilated capillary loop forming a 
telangiectasis , arrow shows needle track 
B Extensive haemorrhage from needle track 
which eventually had to be arrested by 
pressure (After Macfarlane, Quart J Med , 
1941 , 10 ) 
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stimuli 3*3?,? t5lC 8l ? n or ,f ucous membranes , these do not react to 
%r Ca!,Mmea ProfUSC bIced “6 follows rupta of 


DEVELOPMENT AND PROPERTIES OF THE RED BLOOD 
CORPUSCLES NORMAL BLOOD STANDARDS 

Development In tub Embryo —In the early embryo, blood formation 
takes place first in the mesoderm of the yolk sac (the area vasculosa) and 
later in the body of the feetus The mesoderm consists originally of a syn- 
cytium or nucleated mass of protoplasm without cell outlines The syncytium 
differentiates to give rise to a network of capillary vessels lined by endothelium 
and containing plasma (which is formed by liquefaction of the cytoplasm) 
Erythropoiesis takes place in I ravascu larly , in places the endothelial cells 
proliferate and differentiate to form masses of nucleated hsemoglobm-bearmg 



Fio 90 — Erythropoiesis m Human Embryo Blood vessels m yolk sac full of 
nucleated orythroblasts (Gxlmour, J Path Bad , 1940, 52 ) 

1 

cells which fill and distend the capillary lumen (Fig 90) These cells become 
free and circulate in the blood stream and finally lose their nuclei to give rise 
to non-nucleated discs The nucleated red cells disappear completely from 
the blood about the middle of foetal life After the third month of foetal life 
the spleen and especially the liver are the most important sites of intravascular 
blood formation, nucleated red cells developing from the endothelial lining of 
the blood channels About the middle of foetal life the bone marrow begins 
to act as a blood-forming organ, the function becoming progressively more 
important as erythropoiesis m the liver decreases, so that the marrow is 
normally the sole region where red cells are formed after birth (The white blood 
cells also develop mainly m the red marrow, the granulocytes being formed 
exclusively there ) Occasionally m adult life when the marrow cavity is 
nearly obliterated by sclerosis or other diseases, the spleen and liver again 
become important sites of blood formation 

Bone Marrow — (1) Distribution —Bone marrow may be yellow or 
red Yellow marrow consists of fat cells, blood vessels, and a minimal 

i Blackfan, Diamond, and Leister, Atlas of Blood in Children, NY ,1944 Israels, 
Atlas of Bone Marrow Pathology , London 1948 Gdmour, J Path Bad , 1941, 52, 25 
Dacie, J dm Path , 1949, 2, 1 Leitner, Bone, Marrow Biopsy, London, 1949 
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framework of reticulum cells ami fibres 1 , in red marrow numerous blood cells 
of all kinds and their f recursors ( erythroid and myeloid 2 ) are present too At 
birth all the bones are filled throughout their length with highly cellular red 
marrow With increasing age the marrow becomes more fatty, the process 
settmg in first m the distal bones of the limbs (tarsus and carpus), then m 
the intermediate (tibia, fibula, radius, ulna), and finally in the proximal 
bones (femur, humerus) (Fig 91) At the age of twenty all the marrow of 
the long bones is yellow except for the upper end of the femur and humerus 
In the adult, red marrow persists mainly m the vertebrae, sternum, ribs, and 
bones of the skull and pelvis There is obviously ample room m the long 
bones of the adult for considerable expansion of the red marrow Children, 
m relation to their weight, have relatively more red marrow than adults 
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YEARS 

Fig 91 — Changes m Red Bone Marrow with Age (Whitby and Britton, 
Disorders of the Blood, 6th edn , 1950, Churchill ) 

Hie chart shows tho decrease in cellularity of the red marrow of different hones with advancing 
age The curve for tibia=also fibula, radius and ulna The curve for femur— also 
humerus , the curve for vertebra) =also pelvis 100% = degree of cellularity at birth 

but little reserve space on which to draw if needed , m times of stress, e g 
m fibrosis of the red marrow or after severe hemorrhage, blood formation 
may take place m other regions, e g liver and spleen In adults, examination 
of samples of marrow aspirated from the sternum or iliac crest during life 

1 Reticulum cells are found in the adult m lymph nodes, spleen, bone marrow, and 
subcutaneous tissue In tbe quiescent state they form a syncytium and are closely 
associated with reticulum fibres, also called argyrophil fibres because they reduce and 
are thus stained by silver salts The framework of bone marrow, lymph nodes, and 
splenic pulp consists of reticulum cells and fibres When appropriately stimulated the 
cells difierenhate along various paths , as explained on p 215, they give rise to the pre 
cursors of all varieties of white cells, i e myeloblast, lymphoblast, and monoblast [The 
workers who believe that red cells also develop extravaseularly (p 163) regard the 
reticulum cell as the precursor of tbe red cell series too ] If stimulated by infection the 
reticulum cells proliferate and give rise to cells which wander m the tissues (and are then 
called macrophages, histiocytes, or wandering cells) 

2 B<zniatopoiests= formation of blood cells, leucopotesis= formation of white blood 
1 granular white cells , erythropoiesis— formation of red 

k‘ ood > cells and their precursors (also called collectively the 

erylhron ) , myeloid cells—white blood cells and their precursors 

b 
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gives much information about the state of marrow activity Post-mortem 
the sternum, a rib or a vertebra is examined when diminished marrow activity 

Tc 1 I s sus P ecfced > the shaft of a long 

f % \ ?• j oone is generally studied when 

* # J evidence of extension of hsema- 

topoiesis is sought 

(2) Vasculae Arkaxgement — 
The nutrient artery of the bone 
breaks up mto smaller branches, 
which lead to a network of inter- 
communicating sinusoids These 
vessels are lined by a thin endo- 
thelium (like capillaries elsewhere) 
but when dilated have the capacity 
of large veins Many of the sinu- 
soids under normal conditions are 
completely collapsed' and quite 
impermeable to blood , they can 
only be demonstrated when the 
cellular elements of the marrow 
have disappeared (v infra) The 
injection of Indian ink mto the 
nutrient artery then reveals these 
vessels as minute black streaks 
lined by very thm endothelial 
cells between every few fat cells 
(Fig 92) Other vessels, however, 
are widely dilated and the blood flow through them is in consequence very 
slow Some authorities believe that the collapsed sinusoids are the site of 



Fig 92 — Sinusoids of Bono Marrow Section 
of Hypoplastic Bono Marrow (Pigeon) 
injected with Indian Ink 

Three i cnous sinusoids (V S ) nre filled with the injection 
mass, extending between them arc collapsed 
sinusoids marked b} fine lines of particles of carbon 
between double rows of cxcessivclj thin endothelial 
cells It*=rcticulum cell (Doan, Cunningham, and 
Sabin 


MATURATION IN ERYTHROCYTE SERIES 


Key to Plate II 

1 Early normal' ' r 

2 Intermediate 

3 Late normoblast [ normoblast ] 

4 Po’ilro "i'o, 7 Uc or polychromatocyies young erythrocytes, still retaining 

„oiv of t 'it h onln 1 ‘ ' iinr"5 reaction as well as the reddish hannoglobm background 

5 Punctate basophilic stippling, with black or bluish granules in the cells This is usually' 

seen in severe anosmia and m toxic disturbances 

6 Hypochromic erythrocytes cells often have only a ring of haemoglobin at the periphery, 

and are usually small 

7 Cabot rings • remnants of nuclear membrane appearing as circles or figures of eight 

in the cells 

8 Howell Jolly bodies nuclear remains of varying size staining dark blue or black 

9 Reticulocytes young erythrocytes, staining with a vital dye such as cresyl blue 

10 Normal mature erythrocytes [normocytes] 

11 Macrocytes and microcytes cells larger and smaller than normal 

12 Poililocyles cells of abnormal shape , , . , , , 

13 Sidle cells m sickle cell anaemia the sickle shape is produced by depriving susceptible 
fresh cells of oxygen or exposing them to carbon dioxide 

Reproduced from Platel.Blackfan, Diamond and Leister, Atlas of the Blood The Commonwealth Fund, 
New York, 1944 
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erythropoiesis and therefore call them erythropoietic capillaries If this view 
is correct then erythropoiesis throughout life is intravascular Most workers 
claim on morphological grounds that m man erythropoiesis m the red 
marrow is extr avascular, the red cell precursors being the reticulum cells 
(p 161) , but they do not explain how the newly formed, non-motile red 
cells migrate to, and pass through, the intact endothehum of the marrow 
sinusoids The site of erythropoiesis probably varies with the species (infra) 
(Leucopoiesis is always extravascular (p 215) ) 

(3) Functions of the Red Marrow — These are (1) development of 
red blood corpuscles (infra) , (n) development of granulocytes and to a 
less extent of monocytes and lymphocytes (p 215) , (in) development of 
blood platelets (p 155) , (iv) destruction of red cells by macrophages which 
constitute part of the lining of the blood sinuses (and are therefore also called 
littoral cells (p 187) 

(4) Experimental Mlthods oe Study — Normal red marrow contains 
many types of cells which are so closely crowded together that a study of 
their inter-relationship is very difficult To facilitate interpretation of the 
microscopic appearances the marrow is artificially simplified If a pigeon 
is starved for 10-17 days all the cellular elements disappear from the red 
marrow, which now resembles normal yellow marrow When feeding is 
resumed erythropoiesis soon recommences and can be studied satisfactorily 
After a longer interval granulopoiesis begins agam 

(5) Cytological Methods — (l) Smeais of living marrow and blood cells 
may be stained (vital staimng) with Janus green and neutral red , the former 
stains the mitochondria and the latter the cell granules (n) Fixed marrow 
sections, marrow smears or blood films are stained with eosmate of methylene 
blue (Leishman’s stain), to show nuclear details and the basophilia or eosino- 
phiha of the cytoplasm (see Plate II) (m) Living erythroid cells may also 
be stained with cresyl blue to demonstrate the presence of a reticulum m the 
cytoplasm (p 165 and Plate II) 

Stages of Erythropoiesis — In certain species when red cell formation is 
actively taking place many of the marrow smusoids which were previously 
patent become collapsed , the local blood flow is diminished, and this intensifies 
the anoxia which in turn favours erythropoiesis (cf p 194) The endothehal 
lining of the collapsed capillaries becomes swollen, differentiates and divides 
repeatedly to give rise to increasingly mature red cells which fill the sinus 
completely , the young cells he externally near the lining of the sinus, and the 
more mature cells he m the centre The surface membranes of the immature 
nucleated red cells are “ sticky,” so that the cells adhere to one another, 
forming a solid mass As the cells become mature and lose their nuclei the 
surface membrane is altered so that the corpuscles begin to separate one from 
the other The plasma then percolates between the cells, which are finally 
swept out of the erythropoietic capillaries into the veins of the marrow, and 
so into the general circulation 

The account of erythropoiesis given above is based on studies of experi- 
mental ammals , but as already mentioned erythropoiesis m man probably 
takes place extravascularly from the transformation of reticulum cells 

There is, unfortunately, no internationally accepted terminology for the 
intermediate forms between the endothehal cell and the mature erythrocyte 
The current British terminology (which will be used m this book) and that 
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of Sabm, which is m general use m America, are compared in the Table 


Cell 

stages 1 

British 

Terminology 

American 

Terminology 

Staining of 
cytoplasm 

Mitosis 

Number 
per 100 
nucleated 
erythroid 
cells in 
marrow 

I 

Proerythroblast 

Megaloblast 

Basophil 

+In states 

5- 

II 

Early normoblast 

Early cry thro 
blast 

Late erythro 
blast 

Basophil 

of stress 
+ 

5- 

III 

Intermediate 

normoblast 

Polychromato 

phil 

+ 

20+ 

IV 

Late normoblast 

Reticulocyte 

Erythrocyte 

Normoblast 

Reticulocyte 

Erythrocyte 

Eosinophil 


70 


1 Davidson’s terminology (of Fig 110) 


The British workers use the term a ythroblast to include all nucleated red 
cells, normal and pathological , they restrict the term “ megaloblast ” to the 
characteristic nucleated red cells found in the marrow m cases of pernicious 
amemia Normal erythropoiesis is called normoblastic , the type of erythro- 
poiesis found m pernicious anscmia is called megaloblastic (p 196) Cell stages 
II, III, and IV in the red marrow of pernicious anaemia are called early, 
intermediate, and late megaloblasts 

The Table shows that most of the nucleated erythroid cells in the marrow 
are the later, more mature forms (intermediate and late normoblasts) which 
are normally being steadily transformed into erythrocytes , m times of stress 
the final process of maturation is speeded up leading to the rapid discharge 
of young red cells into the circulation 

Cytology of Erythroid Cells (Plate II and Pig 93) — In general, 
developing marrow cells (myeloid or erythroid) show the following changes 
the cells decrease m size and the cytoplasm becomes relatively more extensive , 
nucleoli disappear and the chromatin becomes progressively coarser, the 
cytoplasm becomes less basophilic and the pigment or granules characteristic 
of maturity appear Developing red cells stained with Leishman’s stain 
present the following appearance 

(1) Stage I, Proerythroblast (Megaloblast) —This early cell, which 
is derived from the endothelium, is large (diameter 15-20 ju) , the cytoplasm 
is a deep violet-blue and there is a small crescent, showmg paler staining, 
round the nucleus , the cell is devoid of haemoglobin The nucleus is large 
(12 n) occupying about three-quarters of the cell volume and the chromatin 
forms a fine stippled reticulum and contains several nucleoli , it develops 
into the early normoblast The proerythroblast only shows mitosis in states 
of stress 
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(2) Stage II, Early Normoblast (Early Erythroblast) — This cell 
is somewhat smaller and shows active mitosis , the nucleoli have disappeared 
and the chromatin network is fine and shows a few nodes of condensation 

(3) Stage III, Intermediate Normoblast (Late Erythroblast) — The 
cell is still smaller (diameter 10-15 p) and sliows active mitosis , the resting 
nucleus shows further condensation of the chromatin , hmmoglobm is 
beginning to appear, its eosinophil staining giving the cytoplasm a poly- 
chromatic appearance 

(4) Stage IY, Late Normoblast (Normoblast) —This cell represents 
a maturation of the previous stage , mitosis has now ceased , the cell diameter 
is 7-10 p , the nucleus is small, the condensed chromatin assuming a “ cart- 
wheel 55 appearance and finally becoming uniformly deeply stained (pylnotic) 
The hemoglobin accumulates to its 

maximum level, the cytoplasm giving 
an eosinophil reaction as a result 
Pyknosis is a stage m the degeneration 
of the nucleus which breaks up and 
finally disappears owing to extrusion 
or lysis , a young red cell (reticulo- 
cyte) is thus formed 

Maturation of the erythroblasts 
thus involves a decrease in the size of 
the cell, increased condensation and 
finally pyknosis of the nucleus, accumu- 
lation of haemoglobin, and a change m 
staining reaction of the cytoplasm 
from basophil via polychromatophii to 
eosinophil 

(5) Reticulocyte — The young 

red cell is so called because on vital 
staining with cresyl blue a network or 
reticulum is apparent m the cytoplasm 
in the form of a heavy wreath, or as Fig 93 — Chart showing Stages in Develop 
clumps of small dots, or as a faint ment of Red Blood Corpuscles 

thread connectmg two small nodes 

(All the nucleated precursors of the reticulocyte (erythroblasts) also give 
this staining reaction ) The reticulum probably consists of remnants of the 
basophil cytoplasm of the immature cell (chemically the reticulum is made 
up of nbose-nucleic acid) 1 As the red cell ages, the reticulum disappears 
In the new-born, 30-50% of the red cells m the circulation are reticulated , 
the number falls during the first week to less than 1%, at which level 
it remains throughout life Their number is increased whenever red cells 
are hang rapidly manufactured For example, if haemolytic poisons are 
injected intravenously to destroy the circulating red cells, the marrow 
proliferates, and numerous young red cells pass into the blood stream 
1 If red cells are stained with eosin and methylene blue the presence of the reticulum 
in the young cells (reticulocytes) leads to a diffuse bluish staining of the cell — poly- 
chromalophtha In pathological states this stained basophil material is sometimes present 
m clumps which appear as discrete blue particles This finding, known as basophil 
(° r punctate basophilia) (Plate II, 5), is especially obvious after poisoning 
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(Fig 97) , it is then found that 25—35% of the circulating red cells are reticulo- 
cytes An increase m the leticulocyte count ( rchculocijlosis ) is the first blood 
change noted when pernicious amemia is treated with liver extract (p 198) 
(6) Normal Rrd Crll 1 — This is a circular, non-nucleated biconcave disc , 
it is markedly elastic and can undergo astonishing deformation when passing 
through narrow capillaries 

The permeability of the red cell membrane is fully discussed on p 7 
The membrane is freely permeable to Na+, K+ and Cl' , m spite of this fact, 
how ever, the Na + and the Cl' content of the red cell is low though that of the 
plasma is high , and the K + content of the red cell is high though that of the 
plasma is lou The red cell, using energy derived from glycolysis, “ pumps ” 
Na + and probably Cl' into the plasma , secondarily the non-penetratmg 



Fig 94 —Diameter of Red Blood Corpuscles m Different Conditions (Price Jones) 

A<=HtDDiorrliaRit, Anmmin (mean 6 85 y.) 

B=Normnl (menu 7 21 y) 

C>= Pernicious -inajinia (mean 8 24 y) 

anions m the cell (protein and organic phosphate) retain the K+ The com- 
position of red cells is compared with that of plasma m Fig 5 W hen cell 
metabolism ceases, as m cold-stored blood, the ions move between the cells 
and the plasma according to their concentration gradients (p 8) When 
the C0 2 tension in blood rises, HC0 3 ' moves out of the cell .into the plasma 
while Cl' moves m the reverse direction (chloride shift, p 420) 

Diameter — The average diameter of the red cells in health is 7 3 p, the 

i Jacobs, Ann N Y Acad Sci , 1950, 50, 824 , Waugh, ibid , 835 , Ponder, ibid , 1947, 
48, 679 
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ranee being 5 6-8 8 /« , in pernicious ansemia the average size is greater (about 
8 g), and the range is 4-12 g The distribution of size of red cells is usually 
set out graphically (Fig 94) constituting a Trice- Jones cmve Whenjhe 
H+ inn concentration of the blood rises, the size of the corpuscles increases , 
this is presumably due to the migration of chloride from the plasma into the 
cells, raising their osmotic pressure and thus attracting water into their 
interior 

Normal Red Cell Count 1 — The average red count m the adult male is 
5 5 millions per c mm , m the female it is 4 8 millions Counts which regu- 
larly fall below 4 5 million in the male and 4 million in the female should 
arouse suspicion A brief period of vigorous exercise may increase the count, 
mainly owing to the passage of fluid out of the circulation (cf p 227) In 
new-born infants the red cell count is very high (6-7 million) (Fig 122), but it 
falls rapidly during the next two weeks to a httle above the average adult value 

Normal Blood Standards — In describing the red cells it is necessary 
to give first (i) the red blood count per c mm (supra) and (n) the hemoglobin 
content m g per 100 c c (p 175) The following additional information is 
desirable, especially when considering the anaemias 

(ni) The average diameter ( and range of diameter ) of the red cells (p 166 and 
Fig 94) Cell diameter is usually (but not mvanably) directly related to 
cell volume (cf (v) infra) 

(iv) Relative volume of packed red cells — This is determined by centrifuging 
blood in a graduated tube (hsematocnt) till the volume of the packed corpuscles 
which accumulate at the bottom of the tube becomes constant 2 The volume 
of the packed red cells (hsematocnt value) is normally 41-45% of that of the 
whole blood (cf p 10) 

(v) Mean corpuscular volume is determined thus 

Volume of packed red cells mcc per 1000 c c blood ((iv) supra ) 

Red cells in millions per c mm 

The answer is in cubic microns \g 3 or c g ) and gives the dimensions of the cells 
in all planes and not only m the long axis as m diameter measurements 
((m) supra) The normal range is 78-94 g 3 When the volume exceeds 94 g 3 
the cells are called macrocytes , when the volume is 78-94 g 3 the cells are 
called normocytes , when the volume is less than 78 g 3 the cells are called 
microcytes 

(vi) Average corpuscular hemoglobin content (average amount of haemo- 
globin per cell m micro-micrograms (=10 -12 g ) is determmed thus 

Haemoglobin m grammes per litre of blood 
Red cells m millions per c mm 

The average value is 29 5x 10 -12 g ±2 5 This value is a more precise 

expression of the colour index The colour index is the ratio ^ 

Red Cell % 

where 100% for the red cells is 5,000,000 red cells/c mm of blood and for 

1 The standard methods of counting red cells have an error of ±15% , thus with a 
red cell count of 5 million the technical error of a single count may be as great as ±0 75 
million 

2 The anticoagulant added to the blood muBt not alter the volume of the cells , hepann 
or a mixture of potassium and ammonium oxalates is used 
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FRAGILITY OF RED CELLS 

hmmoglobm 100% on the Haldane scale Tiie normal colour index lies 
between 0 85 and 1 10 

(vu) Mean corpuscular hemoglobin concentration per cent, i e the amount 
of haemoglobin as a percentage of the volume of a corpuscle, is determined 
thus 

Haemoglobi n m g per 100 c c 
Volume of packed cells m 100 c c * ^ 

The average value is 35% -{-3 

If the corpuscular haemoglobin concentration per cent is within the normal 
range the cell is normochromic , if it is below the normal range the cell is 
hypochromic Low values indicate that an individual is suffering from iron 
deficiency, irrespective of any associated condition 

There is no condition known in which the cells contain more than 35% 
of haemoglobin Macrocytes that are normally filled with hemoglobin will 
necessarily contain a larger absolute amount of haemoglobin than normocytes , 
thus the macrocytes (95-160 p 3 ) of pernicious anemia may contain up to 
50 X 10~ 12 g of hemoglobin (upper normal limit 32XI0" 12 g ), but the per- 
centage hemoglobin concentration per cell is the normal 35% 

Laboratory Classification of Anemias —Attention is paid principally 
to (l) cell volume and (n) corpuscular hemoglobin concentration per cent 
An anemia may be with respect to (l), macrocytic, normocytic, or microcytic , 
with respect to (n) it may be normochromic or hypochromic Pernicious 
anemia is thus a macrocytic anaemia (Fig 94, C) , iron deficiency anemia 
is a normocytic or microcytic hypochromic anemia (p 212) 

Polycythemia — A persistent increase m the count, polycythemia, 
occurs (i) m chronic anoxia, e g high altitudes (p 445) or congenital heart 
disease (p 453) , (n) m excessive loss of fluid ( dehydration ) , (m) m histamine 
shod (p 337) and in some forms of traumatic shod (p 343), because of in- 
creased passage of fluid out of the vessels into the tissue spaces ( hcemoconcentra - 
lion) , (iv) from primary overaction of the red bone marrow ( erythrcemia ) 
Behaviour of Red Corpuscles in Hypotonic Saline (Fragility of Red 
Cells) — Red cells can remain for hours m isotonic salt solution without 
damage, but m distilled water they are quickly haemolysed , because of the 
higher osmotic pressure inside the cell, fluid is attracted into the corpuscle 
until it bursts and its haemoglobin is liberated Th e fragility of red cells may 
be determined quantitatively as follows Heparinized blood is aerated to 
standardize the reaction and the degree of oxidation as far as possible 0 1 c c 
samples are then shaken with 2 c c of saline solutions of different strengths 
(range 0 25-0 75%) in small test-tubes Owing to osmotic differences the 
red cells swell and a certain number rupture ( i e haemolyse), the proportion 
being greater m the case of cells placed in the more hypotonic solutions 
After ten minutes all the tubes are centrifuged and the colours of the super- 
natent solutions are compared with standard tubes prepared as follows Take 
0 1 c c of blood and lake it m 2 c o of distilled water , this is a standard repre- 
senting 100% haemolysis Add appropriate amounts of distilled water to give 
standards corresponding to 10, 20 90% haemolysis The percentage of red 

cells which have been haemolysed is thus calculated, and the results plotted 
(Fig 95) Normally haemolysis begins in 0 48%NaCl and is complete at 0 33% , 
tbe^cells m other words vary slightly among themselves in their fragility 
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Fragility in Disease — To understand the changes m fragility that take 
place m abnormal states we must consider m detail the sequence of events 
when red cells are placed in hypotonic saline Fig 96 gives representative 
values for the diameter (7 6 g), thickness (1 9 p), volume (86 ju 3 ), and surface 
area (138 p 2 ) of a normal red cell When it is placed m hypotonic saline, fluid 
flows into the cell and it becomes more spherical, the diameter diminishing 
somewhat and the thickness increasing considerably If the volume and 
surface area changes are considered the results are somewhat unexpected 
When a biconcave disc-kke cell is converted into a sphere of equal volume 
its surface area is reduced , therefore, as the red cells become more spherical 
m hypotonic sahne they can accommodate the additional fluid at smaller 
surface areas Finally the cell becomes fully spherical and attains its 



Fig 95 —Quantitative Estimation of Fragility of Red Blood Corpuscles 

A-V = normal limits A <= arterial blood, V = venous blood, Spl=nfter Bplenectomv, 
SKI .S* 1 ® J a y ndice (congenital hsemolytic Jaundice) (cf Fig 9G and p 229) 
(After Whitby and Hynes, J Path Bad , 1935, 40) 

Abscissa = concentration of NaCl emplojed for diluting corpuscles 


original surface area with a greatly mcreased volume {eg 152 p 3 instead 
of 86 /t 3 , or +77%) The membrane cannot stretch , so that if there is further 
inflow of fluid beyond this point, rupture takes place and haemolysis occurs 
1 he behaviour of a red cell m hypotonic saline depends then on the initial 
ratio of surface area to volume and not on the absolute size of the cell The 
greater this ratio the larger the additional volume that can be accommodated 
in a sphere of equal surface area, and conversely 

In some anaemias when one dimension of a red cell is altered, the other 
afters proportionately , in such cases fragility is unaffected But in other 
finiemias the mean cell diameter is increased, while the thickness is decreased 
(j ig yti) in idiopathic hypochromic anaemia cell volume, diameter and 
thickness are usually all decreased, sometimes however the decrease in 
luckness is relatively more marked and m extreme cases this gives the 
tamed cell an appearance which has suggested the name of ** target cell ” 
These than cells can swell by +128% (Fig 96, 1) before rupture occms , they 
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can thus withstand the action of a more hypotonic saline and are said to show 
diminished fragility Haemolysis may begin only at 0 36% saline and may 
not be complete until 0 24% solutions are used Conversely, in congenital 
haemolytic jaundice (acholuric jaundice) (p 229) the cells have a smaller 
diameter (c g 6 4 //, but are fatter (thickness 2 4 /t), % e they are spherocytic 
{ spherocylcs ) (Fig 96, 3) The ratio of surface area to volume is subnormal An 
increase m volume of only 30% (from 77 y 3 to 101 /i 3 ) converts them into fully 
distended spheres at which stage rupture occurs They are said to show 
excessive fragility, t e they rupture m the higher (more concentrated) sahne 
solutions that do not cause the rupture of normal cells , thus haemolysis may 
begin in 0 7% sahne and be complete at 0 45% (Fig 95) The term high or 
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Fiq 96 — Relation of Red Cell Volume to Surface Area m Different 
Conditions (Haden, Symposium on Blood, 1939 ) 

T= thickness, D = diameter, of red cell 

low fragikty gives no information about the state of the cell membrane The 
membrane is not stretchable and does not show varying resistance to distension 
m health or disease The fragility of red cells in hypotonic saline is related 
to cell shape , the practical rule is that flat long cells withstand weak NaCl 
solutions, fat short cells (spherocytes) rupture m stronger NaCl solutions 
Fragility results should always be interpreted m this manner 

Cells of venous blood are slightly more fragile than cells of arterial blood 
m the same normal subject (Fig 95) owing to a skght spherocytosis of the 

venous cells , , , , A 

The effects of splenectomy on red cell fragility m normal subjects ana 

disease conditions are dealt with on pp 229, 231 (cf Fig 95) 

Action of Hemolysins 1 — Haemolytic sera can be prepared by injecting 
red cells repeatedly into another species Thus, if guinea-pig red cells are 
1 D&meshek, An n Acad Set , 1947, 48, 685 
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injected into rabbits, the serum of the latter -will contain hremolysms to 
guinea-pig cells If such haemolytic sera are injected into guinea-pigs the 
first effect on the blood is increased spherocytosis of the cells as shown 
by a decrease m diameter, an increase m thickness, and mcreased fragility 
in hypotonic saline Subsequently haemolysis takes place, its degree (i e 
the extent of fall in red cell count) depending on the amount of initial sphero- 
cytosis The red marrow responds by increased activity, turning out young 



Fig 97 — Action of Haemolytic Sera on Red Blood Cells 


Experiments on guinea pigs Inject dally 0 2 c c of serum containing hremoJysm against guinea-pig 

A 1 l 0 r^ 0 ll opment or Progress!! e aniomia (fall of lmmoglobm and red cell count) and active response 
?ith theTo^ss oT the'an'onua* by th ° lnCreaSe ln reticuIocyte count S^berocvtosis develops 

11 1> *°^ c i tl , e f pro , f ;, r l CS5l ' r e, dcc re i as c in red cell diameter (spherocj tosis) which is proportional to the in 
creased fngllit\ of the cells in saline solutions (Damesheh and Schwartz, Amer J med Sci , 1938, 


red cells (reticulocytes) m large numbers and finally restoring the blood to 
normal (Fig 97, A and B) 

ILemoiatic AnjEiiia. in man may be divided mto five groups 
(i) The cells are defeem e in structure and, therefore, especially prone to 
succumb to the normal htemoivtic processes of the body e g pernicious 

an :f “ a jP 196 )> congenital haemolytic jaundice (p 229), sickle cell anaemia 
aud Mediterranean anaemia 


(n) The red cells are normal m structure but are destroyed excessively 
together with leucocytes and platelets, by an abnormally acting spleen e a 
m the panocytopema of so-called hypersplemsm (p 230) ’ 
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( 111 ) Resulting from the action of knoivn simple or complex lysms intro 
duced from without arsemuretted hydrogen, snake venom, streptococcal 
liannolysin 

(iv) Resulting from the action of biological bmmolysms of uncertain 
nature, usually elaborated by the patient himself , paroxysmal htemoglob- 
murin (p 177), nocturnal hmmoglobinuna, erythroblastosis foetahs (p 180) 

(v) Atypical obscure haemolytic anaemia Bloods of the fourth group and 
some of the fifth group give positive Coombs tests 

Coojnbs test — Autoheemolysms of the type described are globulin in 
nature, adsorb strongly on to the red cell and unlike the normal globulins 
of the blood plasma cannot be removed by washing with saline Hence 
when the affected cells are exposed to the serum of a rabbit immunized 
against human globulin, they are clumped, while normal washed cells 
are unaffected , this is the direct test If the hcemolysm is free in the 
plasma of the patient, it will adsorb on to normal compatible red cells (if 
brought m contact with them) These will probably not be lysed but even 
after washing with saline will clump on the addition of anti-human-globubn 
labbit serum , this is the indirect test The tests have a diagnostic value m 
erythroblastosis foetahs (p 180) 

Sedimentation Rate of Red Blood Corpuscles 1 — If blood (kept 
fluid by means of an anticoagulant) is allowed to stand m a narrow tube 
the corpuscles settle progressively to the bottom' while the plasma rises to the 
top The rate at which this takes place is very constant in health and is 
known as the sedimentation rate The corpuscles settle because their density 
is greater than that of the plasma Settling is resisted by the viscosity of the 
medium , the retarding force so exerted varies directly with the surface area 
of the falling particles Cells allowed to stand outside the body tend to aggre- 
gate to form rouleaux (cells piled one on top of the other, a condition which 
must be distinguished from agglutination (p 176) where the cells are ir- 
reversibly clumped together and cannot be separated) , as they do so, the 
ratio of mass to surface area m the enlarged particles increases, and as a 
result they sink with greater rapidity Thus if a red corpuscle is regarded as 
a short cylinder of diameter 8 p and height 2 p, its surface area would be 150 
sq p , ten discrete corpuscles would have a surface area of 1500 sq p If, 
on the other hand, these corpuscles were piled on top of one another to 
build a rouleau the total free surface exposed to the plasma is only 600 sq p 
with corresponding speeding up of sedimentation Fundamentally, there- 
fore, the rate of sedimentation varies with the speed of rouleau formation 
The factors controlling this process outside the body are not fully known, but 
the most important is the composition of the plasma fibrinogen, other 
globulins, and certain products of tissue destruction increase the sedimentation 
rate , albumin reduces it 2 Fibrinogen is the principal single factor the 
sedimentation rate of defibrmated blood or of the blood of patients in whom 
the fibrinogen is absent is extremely slow , this point is well illustrated 
m Fig 98 Conversely, one finds clinically that the sedimentation rate is 
faster whenever the fibrinogen level is raised 

i Ham and Curtis, Medicine, 1938, 17, 447 [E S R = erythrocyte sedimentation rate] 

s With higher red cell counts the sedimentation rate is normally slowed down, ana 
this has to he allowed for when examination is being made of blood with abnormally 
high or low counts 
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To determine the sedimentation rate, a long, narrow graduated tube is 
filled with citrated blood to the 10 cm mark and kept at a temperature of 
22-27° C At the end of one hour the upper level of tbe red cells is read and 
tbe height in mm of the column of clear plasma is noted Normally the height 
of this column is 0-6 5 mm in 90% of normal males and 0-12 mm in normal 
females , the more rapid sedimentation in females is due to their lower red 
cell count The average for males is 4 and for females 8 mm The sedi- 
mentation rate is speeded up m pregnancy from the third month up 
to parturition In pathological states 
the sedimentation rate may exceed 
50 mm 

The sedimentation rate is usually 
unaffected m diseases without inflam- 
mation or tissue destruction It is 
grossly increased m conditions associ- 
ated with inflammation or tissue 
destruction, such as acute or chrome 
infections (local or general) of any 
severity, or severe trauma This in- 
crease is usually associated with an 
elevated fibrinogen level and occasion- 
ally a nse m globulin The presence 
of an increased sedimentation rate 
suggests organic disease, even m the 
absence of other Bigns , the finding, 
however, is quite non-specific and 
gives no indication of the nature of 
the disease The mam value of 
sedimentation rate determinations is 
m assessing prognosis or m judging 
progress or the effects of treatment 
A rising sedimentation rate suggests 
worsemng of the condition or heralds 
the onset of complications In tuber- 
culous infections and also m rheumatic 
fever, the sedimentation rate is widely 
employed to judge the course of the 
disease 1 

The sedimentation rate is increased 
in nephrosis In this condition the 
serum albumin is considerably reduced , the serum globulin is generally 
increased when there is pronounced hpeemia , (the lipides m the serum are 
attached to the globulins) 

Haemoglobin 2 — Htemoglobm consists of the protein globm united with the 
pigment 1mm Hsem is an iron-containing porphyrin known as iron-protopor- 
phynn IX The porphyrin nucleus consists essentially of four pijrrol rings 

\ F°r general theoretical discussion, see Fahrseus, Lancet, 1939, n, 630 

2 Rimington, Lancet, 1951, u, 551 Dobnrter and Rhoads, Physiol Rev , 1940, 20, 416 
Theorell (Hasmoprotems), Recent Advances in Enzymology, 1947, 7, 265 Granick and 
Gilder (Tetrapyrrols) ibid , 305 ‘ 



Fig 98 — Effect of Plasma Fibrinogen 
Level on Sedimentation Rate of Red 
Blood Cells 

Observations on boy with congenital absence of 
fibrinogen 

Ordinate sedimentation rate in mm (expressed 
as height of column of clear plasma) read at 
end of 2 hours (upper curve) and at end of 
1 hour (lower curve) 

A series of fibrinogen concentrations was pro 
pared by mixing varying proportions of the 
patient s plasma with normal plasma 
There is a negligible sedimentation rate in 
the absence of fibrinogen , note the pro 
gressive increase in the sedimentation rate 
with increasing fibrinogen concentration 
(Itedrawn from Oakley, Lancet, 1938, u, 
312 ) 
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joined together by four melinite | " bridges ” , the porphyrins are thus 

H 

tclrcipyrrols The “ skeleton ” of the formula of haem is shown in Fig 99 
the pyrrol rings are numbered I, II, III, IV , the carbon atoms of the methme 
bridges are labelled a, ft, y, d , the positions to which side chains are attached 
are numbered 1-8 The side chains at the respective positions are , 1, methyl 
( CH 3 ) , 2, vinyl ( CH=CH 2 ) , 3, methyl, 4 , vinyl, 5, methyl, 

6, propionic acid ( CH 2 CH 2 COOH) , 7, propionic acid, 8, methyl Thus 
side chains 1, 3, 5, and 8 are methyl , 2 and 4 are vinyl , 6 and 7 are pro- 
pionic acid 

The iron in lueni is in the ferrous (FC++) form The iron is attached to 
the N of each pyrrol ring and to the N of the immarol group m the associated 
globin , a “ bond ” is available for loose union with 0 2 (in oxyhcemoglobm) 



Fia 99 — Chemistry of Hiem (Iron Protoporphyrin IX) 

A Pj rrol ring in full 

H Pj rrol ring, comcntlonnl outline 

Hrom I' J rrol rings are numbered I, II, III, IV C atoms of methme 
bridge aro labelled a, ft, y, S Side chains ore numbered 1-8 

or GO (in carboxyhwmoglobm) In reduced haemoglobin this place is occupied 
by an OH group 

The haem is further attached to the globin by a link between each of the 
two propionic acid side chains and basic groupings m the globm 

The molecular weight of hmmoglobm is 68,000 When treated with 
alkali and a reducing agent, a substance called hcemochromogen is formed with 
a molecular weight of 17,000 Haemoglobin may thus represent the product 
of condensation of four heemochromogen molecules 

The property which haemoglobin possesses of combining loosely with 
oxygen and other gases depends on the presence of ferrous iron Each atom 
of Fe++ combines with one molecule of 0 2 or CO 

“When reduced or oxygenated haemoglobin is treated with an oxidizing 
agent, the Fe ++ is oxidized to ferric iron (Fe +++ ) , the sixth bond is attached 
to OH The compound is called methcemoglobm , it cannot unite reversibly 
with gaseous oxygen , the O of the attached OH is not given off m a vacuum 
Reduced haemoglobin is commonly represented as Hb , oxyhaemoglobm as 
Hb0 2 , methaemoglobm may be represented as HbOH 
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Normal Blood Haetnoglobi — In males the average haemoglobin 
content of blood is 15 8 g per 100 cc , m females 13 7 g The average, 
irrespective of sex, is 14 5 g In 
90% of normal males the range is 
14-18 g and in females 12-15 5 g 
At birth the haemoglobin con- 
centration is 23 g-% , by the end 
of the third month it has fallen 
to well below normal (average 
10 5 g ) (cf p 207) , recovery 
then gradually takes place and at 
the end of the first year the haemo- 
globin reaches about 12 5 g-% 

(Fig 100) 1 g of Hb when fully 

saturated combines with 1 34 c c 
oxygen, so that the haemoglobin 
concentration is an index of the 
oxygen-carrying power of the 
blood 1 

Functions os Haemoglobin 
— (1) It is essential for oxygen 
carnage (p 409) 

(2) It plays an essential part 
m the transport of CO t (p 414) 
and m the regulation of blood 
reaction (p 93) 

The inclusion of haemoglobin 
m the corpuscles gives certain 
advantages If it were dissolved 
m the plasma it would increase 
its viscosity, and raise its osmotic 
pressure by about 100 mm Hg, 
and so entirely derange the 
mechanism of water interchange 
between the capillaries and the 
tissue spaces (p 18) Further, 
freed haemoglobin is excreted by the kidney and taken up and destroyed 
by the reticulo-endothehal system (p 187) Certain important shifts of 

nor'inn* 1108 ^ hemoglobin concentrations are not usually expressed as above, in g 
” mi?*’ b 7 Ut m relatlon t0 an arbitrary normal standard called “ 100% hsemo- 
-The actual concentration of hemoglobin to which this corresponds vanes with 
1 i h °i r ' ( J hu8 f0r Haldane “ 100 % hemoglobin” meant 13 8 g per 100 cc ToV 
thus , mea , nt ix 13 8 g *6 9 g per 100 cc The Haldane ftandard has recently 

14 8 e of CZlI h h ion een f ?, Und tbat 100 % rea % corresponds not to 13 8 but to 
g ol hemoglobin per 100 cc Previous conversions of “ Haldane estimations ” to o 
o hcemoglobin must all be altered in the light of this finding On the Sahh scale 100°/ 
hremoglobm means 27 3 g per 100 cc The expression “ per cent hemoglobin ” {s 
m.sWI mea T ng ®, ss unless tile standard adopted is known; m any case itfis a most 
mn™ an j undesirabio form of terminology and ought to be abandoned At the 
“book Srssrf °J S ®» <“ of tie teem £ too d“,ngr™rf 

giota p b o t « '• S l d .mS d " J » Probably referred to wb.» the «prei 



Fig 100 — Changes in Hajmoglobm Concentra- 
tion during First Year of Life (Mackay, 
Arch Dis Child , 1933 ) 

Hamoglobm (on ordinate) = Haldane Scale Normal 
hfemoglobin = values on a satisfactory diet {infants 
receiving added iron) The lower aVerage values 
(both for breast fed and artificially fed babies) 
are due to inadequate nutrition 
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f? I, f a Y d RC0 A ° SpeCia!I ^ be J ween P Ia sma and red cells depend on the 
fact that hamoglobm is enclosed m a ceil bounded by a membrane with 
characteristic properties (p 1G6) 

Factors concerned m haemoglobin formation are summarized on p 194 


BLOOD GROUPS 

B . loo J f Groups. 1 Three mam groups of “ factors ” are present m human 
blood cells which enable the cells of different individuals to be differentiated , 
these factors have great clinical, medico-legal, and genetical interest The 
groups are 

(l) A, B, and 0 
(n) Rh (Rhesus) factors 
(m) M and N 

Classical (A, B, 0) Blood Groups — Human beings can be divided 
into four main groups according to the presence (or absence) m their red 
cells (and in certain tissue cells) of the substances called A, B, and 0 
42% contain substance A , 9% contain substance B , 3% contain substance 
AB , 46% contain substance 0 The percentage distribution given above is 
for Western European peoples 2 The groups are correspondingly called 
group A, group B, group AB, and group 0 More refined analysis shows that 
substance A can be subdivided into two sub-groups called A l and A 2 , A J 
includes 75% of all group A, A 2 forms 25% Group AB is similarly divided 
into A X B and A 2 B 

A and B are called group specific substances and chemically are poly- 
saccharides , they are also agglutinogens, i e in the presence of a suitable 
antibody called an agglutinin, agglutination or clumping of the red cells 
occurs The agglutinin acting on agglutinogen A is called a or anti-A , the 
agglutinin acting on agglutinogen B is called p or anti-B [These agglutinins 
are also called isohcemagglulinms ] Group specific substance 0 does not 
normally act as an agglutinogen and there is no corresponding agglutinin 3 , 
group 0 cells are not agglutinated by agglutinins a or p 

The so-called Landsteiner’s law states the following if an agglutinogen 
is present m the red cells of a blood, the corresponding agglutinin must be 
absent from the plasma , if the agglutinogen is absent the corresponding 
agglutinin must be present The first part of this law is a logical outcome of 
the situation, for if both agglutinogen and agglutinin were present the cells 
would be agglutinated The second part is a fact but not a necessary sequence, 
for when the agglutinogen is absent from blood the agglutinin might well be 
absent too In fact absence of Rh agglutinogen is not normally accompanied 
by presence in the plasma of the anti-Rh agglutinin , similarly absence of 
M or N substance is not accompanied by the presence of anti-M or anti-N 
in the plasma It is only m the case of the A, B, 0 blood groups that absence 
of A is associated with the presence of anti-A (a) and the absence of B with 
the presence of anti-B (P) The finding is strange and at present inexplicable 

1 Wiener, Blood Groups, Springfield, 3rd edn , 1943 Symposium, Arm N Y Acad 
Sci , 1940, 46, 883-992 Race and Sanger, Blood Groups in Man, Oxford, 1950 

2 Some of the Eastern European peoples show a higher proportion (up to 20 per cent ) 
of Group B Pure American Indians belong almost exclusively to Group 0 

3 Very rarely, after repeated transfusions, group 0 cells evoke an irregular agglutinin 
(anti 0) in susceptible recipients 
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If the serum of the four classical groups is examined, the agglutinins are 
found to be distributed as follows Group A contains p , Group B contains 
a , Group AB contains no agglutinin , Group 0 contains a and p The full 
description of the four groups taking into account both agglutinogens and 
agglutinins would be, therefore A p , Ba , AB , Oap The agglutinin a is 
not a single substance but can be subdivided into a x and a proper a x only 
agglutinates A x , a proper agglutinates both A x and A 2 The relative amounts 
of a proper and a x vary in the sera of Groups B and 0 

To determine an individual’s classical blood group a saline suspension 
of his red cells is mixed on a slide (i) with a test serum containing a, and 
(u) with a serum contaimng P The results are diagnostic as shown by the 
following table 


Cells 

Serum from 
Group A Subject 

Agglutinin p 
[anti B] 

Serum from 
Group B Subject 

Agglutinin a 
[anti A] 

A 

— 

+ 

B 

+ 

— 

AB 

+ 

+ 

0 

— 

— 


+ =agglutmation — =no agglutination 


When no agglutination occurs the red cells remain separate and evenly 
distributed , when agglutination occurs the cells are massed together in 
clumps and lose their outbne With high titre (t e powerful) agglutinins the 
cells are massed into a few large clumps , with weaker agglutinins more 
numerous but smaller clumps are formed 1 * * * 

1 The agglutinogens A and B first appear m the sixth week of foetal life , their con- 
centration at birth is one fifth the adult level and it progressively rises during puberty 
and adolescence Group specific substances A and B are not limited to the red cells hut 
are found in many organs salivary glands and pancreas + + , kidney, liver, and lungs 
+ , testis Being water soluble they appear in the body fluids' and in the following 
relative concentrations sahva and semen, 600 , ammotic fluid, 175 , [red cells, 8-32], 
tears, 5 , urine, 3 , cerebrospinal fluid, 0 

Only 50% of new-born infants have demonstrable agglutinin, which has simply filtered 
across the placenta from the mother The specific agglutinins appear at 10 days, rise to 
a peak at 10 years, and then decline At all ages there are marked variations in agglutinin 
content m different individuals the range for the “ titre ” (i e concentration) of agglutinin 
a is 8-2018 (most at 128) , for [J, 2—1024 (most at 32) The figures quoted indicate the 
extent to which the serum can be diluted before losing its agglutinating •potency , a high titre 
represents high agglutinin activity The specific agglutinins act best at low temperatures 
and against well diluted cells , with weak sera and high cell concentrations the cells 
ma y mo P U P the agglutinin without being agglutinated 

f S f eci fi c a gglutmms may occur clinically which act in the cold (at 0°-5° C ) and 
not at body temperature , a person’s cold agglutinins may agglutinate his own red cells 
in some cases the concentration of the cold agglutinins is sufficiently high to agglutinate 

ne subject s own cells at room temperature Exposure of the limbs to cold may then 

lead to intravascular heemoglobmuna [paroxysmal hcemoglobmuria) 
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Relation of A, B, 0 Blood Groups to Blood Transfusions — The effects 
of transfusing the blood of any group into the circulation of a member of 
another group can readily be worked out if the following additional points 
are borne in mind I he serum agglutinins of the donor can usually he 
ignored (if their potency is not too high) as they are sufficiently diluted 
by the much larger volume of the plasma of the recipient to produce no 
ill effects 1 and they are also neutralized by soluble agglutinogens winch are 
found free m the recipient’s body fluids It follows, therefore, that the 
agglutinogens of the cells of the recipient need not usually be considered 
Account need only be taken of the effect of the scrum agglutinins of the recipient 
on the cells (agglutinogens) of the donor The following table indicates the 
effects that would be produced by transfusing cells of any group into a 
recipient of any group (the sign + indicates agglutination of the cells and 
incompatibility , the sign — indicates no agglutination, and therefore 
compatibility) 


Recipient 

(Agglutinins in serum 
in italics) 

Red Cells of Donor 

Percentage of 
individuals m 
each group 

AB 

A 

B 

0 

AB+no agglutinin (o) 

I 

m 

— 

— 

AB 3 

A+ agglutinin ft 

+ 

— 

*+* 

— 

A 42 

B+ agglutinin a 

4- 

+ 

— 

— 

II 

0+ agglutinins a/3 

+ 


+ 

— 

0 46 


The following important conclusions can be drawn from the preceding 
table Group A and Group B can only safely receive red cells from Group 0 
and their own group Group AB contains no agglutinins in the serum and 
has therefore been called the universal recipients The cells of Group 0 
contain no agglutinogen and are not agglutinated by the members of anv 
group , Group 0 have therefore been called universal donors The classical 
terms, universal donor and recipient, are however no longer valid as they 
ignore the complications produced by the existence of the Rh factors It 
should be emphasized that the only safe method of determining compatibility 
is to test directly the serum of the recipient against the donor’s corpuscles , this 
should, whenever possible, be earned out m practice If carried out as 
described on p 181, it will safeguard against Rh as well as against ABO 
incompatibility 

Rh (Rhesus) Blood Groups 2 — The recently discovered Rh groups are 
of outstanding clinical importance The original discovery was made as 
follows red cells of the rhesus monkey were injected into rabbits , the 


1 There are, however, exceptions to this statement, and minor degrees of agglutination 

of the recipient’s corpuscles may occur M , 

2 Molhson, Mourant and Race, Rh Blood Groups and their Clinical Effects, British Med 
Res Council Sp Rep No 19, 1948 
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rabbit responds to the presence of an antigen m these cells by forming an 
antibody which agglutinates rhesus red cells The surprising observation 
was then made that if the i mmuni zed rabbit’s serum is tested against human 
red cells, agglutination occurs in 85% of white men , these people are called 
Bh+ (positive) and their serum contains no Rh antibody No agglutination 
occurs m 15% , these are called Rh— (negative) and their serum also 
contains no Rh antibody except m the circumstances explained below 

There are several varieties of Rh antigen and of Rh antibody , the 
commonest Rh antigen is called D, and its antibody is called anti-D Blood 
group antigens are the result of the action of genes which are present m 
the chromosomes The gene corresponding to the antigen D is also called 
D , when D is absent from the chromosome, its place is occupied by the 
alternate form (< allelomorph ) called d A Rh gene is inherited from both the 
father and the mother If gene D is carried by both sperm and ovum the 
resulting gene composition (genotype) of the offspring is DD , if the gametes 
carry D and d respectively the result is Dd , if both gametes carry d, the 
result is dd DD (called homozygous) and Dd (called heterozygous) are 
both Rh+ , dd (homozygous) is Rh— Of the 85% Rh+ English people 
examined, 35% were DD and 48% were Dd , the remaining 2% of the 
Rh+ people had some other genotype contaimng D In the case of a 
homozygous father of genotype DD, all the sperm contam D , with a hetero'- 
zygous father of genotype Dd, half the sperm contam D and half d These 
factors are of importance m relation to the genotype of the child and the 
likelihood of development of haemolytic disease (p 180) 1 

If red cells contaimng D are repeatedly injected experimentally into 
Rh— subjects, anti-D is formed The first formed anti-D is called saline 
agglutinin or complete antibody , m vitro it agglutinates cells containing D 
when they are suspended in salme or m an albumin solution The later 
formed anti-D is called albumin agglutinin , m vitro it agglutinates cells 
containmg D when they are suspended in an albumm solution but not m 
saline But though the addition of “ late ” anti-D serum to D cells suspended 
m saline does not agglutmate them it modifies their properties m anohter 
way the D cells so treated can no longer be agglutmated m saline by 
“ early ” anti-D “ Late ” anti-D (albumin agglut inin ) is thus called blocking 
antibody or incomplete antibody Anti-D is formed m response to intramuscular 
as well as intravenous injections of blood , the volume of blood injected is 
ummportant as little as 0 05 c c of blood may lead to str ikin g anti-D 
formation Variations m individual responsiveness are, however, very great , 

1 A fuller statement of the Rh groups is as follows Human red cells may carry certain 
of the agglutinogens C, c , D, d , E, e , as explained below 

Three of these are always present at a time and the presence of one of a pair excludes 
the other thus Cde and cDE are possible cdD is not It follows that eight possible 
arrangements of genes may be carried by the sperm and eight by the ovum giving rise 
to thirty-two genotypes m all Of these, only five are common CDe CDe , CDe cDE , 
CDe cde , cDE cde , and cde cde cDE cDE is rare and the other twenty-six, very rare 
Any of the six agglutinogens 0, c , D, d , E, e , might theoretically give rise to agglutinins, 
but practically all are very feebly antigenic except D which is strongly antigenic and 
readily ovokes anti D For this reason CDe Cde , CDe cDE , cDE cDE , CDe cde and 
cc ^ e may be grouped together as the Rh + group (or group D) evoking anti-D in any 
'% od % ot containing the agglutmogen D, which for practical purposes narrows down to 
cde cde, t e the Rh— group or group d Interaction between these groups covers 98% 
ot all cases of erythroblastosis foetahs and Rh blood transfusion reactions 
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Rh FACTOR AND HAEMOLYTIC DISEASE 

anti D ftCr n SIDe5C trausfus,0n of Rh + bIood oni 7 50% of recipients develop 

The serum of Rh— subjects contains no anti-D except m two circum- 
stances ( 1 ) following a transfusion or injection of Rh-f blood , (u) in 
women who have undergone one or moie pregnancies with a Rh-f foetus 
(tnfra) 

Rh Factor and Haemolytic Disease —The child of a Rh- mother 
(genotype dd) and a Rh-f father (genotype DD) must be Rh-f (Dd) , if 
the Rh-f father is Dd the offspring may be Rh-f (Dd) or Rh- (dd) If 
the mother is Rh — and the foetus is Rh-f, serious complications may occur 
Cells containing D pass across the placenta from the foetus to the mother , 
the latter responds by forming anti-D which returns to the foetal circulation 
and tends to destroy the foetal red cells The degree of damage done to the 
foetus depends on the magnitude of the maternal anti-D response and the 
ability of maternal Rh agglutinins to cross the placenta Generally no harm 
is done during the first pregnancy , but serious results may occur m the 
second or later pregnancies depending on the degree of sensitivity of the 
mother If the mother has been immunized previously by a Rh-f blood 
transfusion at any time, eien in childhood, a dangerously high response may 
occur during a first pregnancy But it should be emphasized that m most 
cases, agglutinins are not formed and the great majority of matmgs between 
a Rh— mother and a Rh-f father result m normal offspring 

Effects of anti-D on the Fcetus — The changes m the foetus may be 
termed hccmolylic disease (not to be confused with hatmorrhagic states due 
to vitamin-K deficiency, p 153) because they are due to the destruction of 
the red cells by maternal anti-D The following are the chief clinical 
syndromes 

(i) Hydrops Fcctahs the foetus is grossly cedematous , it either dies 
m utero, or if born prematurely or at term, it dies within a few hours 

(h) Icterus Gravis Neonatorum {Congenital Ancemia of the New-born ) — 
The infant is born at term , it is jaundiced (haemolytic jaundice, p 190) or 
becomes so within 24 hours There may be no anaemia at birth because 
the excessive red cell destruction is more or less compensated for by an 
intense normoblastic response of the marrow, associated with a high 
reticulocyte count and the presence of many nucleated red cells m the 
circulating blood (erythroblastcemia , erythroblastosis fcelahs) The rate of 
red cell destruction by anti-D is maximal at birth and so anaemia may 
develop m the first few days There may be severe neurological lesions 
involving the basal ganglia especially , they secondarily become stained 
bright yellow with bile pigment (Jcermcterus) (p 660) , the liver may also 
be damaged Free anti-D (derived from the mother) is present in the infant s 
blood for at least one week after birth and continues to destroy the infant s 
cells, though at a diminishing rate, all this time 

The best treatment for severe hsemolytic disease is an exchange transfusion 
carried out soon after birth A catheter is passed along the umbilical vein 
into the inferior vena cava , small quantities of the infant s blood are suc- 
cessively withdrawn and replaced by an equal volume of compatible 1 i 
negative blood The infant’s Rh-f red cells winch were doomed to destruction 
are thus removed from the circulation and the infant’s organs do not have o 
deal with the products of their disintegration , the infant is given an adequate 
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supply of Rh— red cells which will survive in the circulation for the normal 
length of time 

Rh Factor and Blood Transfusion — The following rules should be 
observed 

(1) No Rh— female at any age before the menopause should ever be 
given a Rh+ blood transfusion if it can possibly be avoided If she is Rh — 
she becomes sensitized by the injected Rh+ blood and forms anti-D , she 
is likely to destroy, subsequently, any Rh+ foetus with which she becomes 
pregnant In other words the transfusion may make her permanently 
sterile 

(2) An y Rh — woman who has given birth to a child suffering from 
haemolytic disease is undoubtedly immunized to D and her serum contains 
anti-D Likewise any Rh— person who is given Rh-j- blood may become 
sensitized and the serum may contain anti-D Anyone whose serum contains 
anti-D will show all the changes attributable to mismatched transfusion if 
they are transfused with a blood, otherwise compatible, but containing D 

(3) To avoid sensitization it is desirable that Rh as well as ABO testing 
should be carried out whenever possible before a blood transfusion is per- 
formed, whatever the sex of the recipient 

Direct Cross-matching before Transfusion — The only sure safeguard 
against transfusion complications is to match the serum of the recipient 
directly against the cells of the donor The donor’s cells should be diluted 
with a 20% albumin solution , under these circumstances the so-called 
anti-Rh albumin agglutinin (p 179) can also be demonstrated If the serum 
does not agglutinate the donor’s cells, the donor’s cells are compatible , if 
the serum agglutinates the donor’s cells, his blood is incompatible 

Use of Plasma for Transfusion — When comparatively small volumes 
of plasma are used its agglutinin content can be ignored because its titre is 
reduced to harmless levels by dilution in the recipient’s plasma If large 
volumes of plasma are employed the injected agglutinins may be harmful 
It is then wiser to use plasma from which the agglutinins have been removed 
by contact with the corresponding red cells ( conditioned plasma) If a blood 
bank is used into which blood of all four groups is placed, the a and ft agglu- 
tinins are absorbed by the A, B, and AB cells and thus removed 

Effects of Incompatible (Mismatched) Blood Transfusions — When 
whole blood is injected intravenously into patients (blood transfusion), serious 
symptoms and even death can occur if the recipient’s serum contains 
antibodies (a, /3, or anti-D) which agglutinate the donor’s red cells The 
red cells are first agglutinated and then undergo hcemolysis The following 
types of clinical reaction occur 

(i) Inapparent Hemolysis — The injected red cells are rapidly destroyed, 
the recipient’s blood returning within a week or less to its pre-transfusion 
state No other symptoms are observed 

(u) Post-transfusion Jaundice — The injected red cells are destroyed 
and the bilirubin formed from the released haemoglobin accumulates in the 
blood in sufficient amounts to produce jaundice (hcemolytic jaundice) The 
amouut of urobilinogen m the urine is increased 

(in) Severe Reaction with Hzemoglobinuria and Renal Failure 1 — 
Soon after beginning the transfusion, perhaps after a few c c of blood have 
1 Vavasqncz, J Path Bad , 1940, 41, 413 
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been introduced, the patient complains of violent pam in the back or 
elsewhere, and tightness in the chest , these symptoms are attributed to 
tiie agglutinated red cells forming clumps which block capillaries The 
masses are then limmoly/ed , the released haemoglobin colours the plasma 
bright red , some of the haemoglobin is converted into the brown pigment 
raethiemnlbumm (p 187) With rapid destruction of the haemoglobin, 
bilirubin accumulates m the plasma and stains the tissues (jaundice) 



Fig 101 — Results of Incompatible Blood Transfusion 

Records from aboio downwards clin'cnl signs , fluid intake (black dots), urine output (clear circles), 
blood non-protein nitrogen (Jf P N ) in mg per 100 c c 
The patient (recipient) belonged to Group 0 (serum =o$) the donors cells belonged to group A 
(Goldxmg and Graef, Arch xnt Med , 1936, 58, 838 ) 

The volume of urme is greatly decreased This is due m part to a fall 
of arterial blood pressure (eg down to 70 mm Hg) and perhaps to local 
vascular disturbances m the kidneys 1 such as closure of the interlobular 
arteries , the arterial blood is then shunted via the juxta-medullary glomeruli 
into the medulla and so does not pass through the majority of the cortical 
glomeruli, leading to grave reduction of the glomerular filtrate volume 
(p 26) If the urine is acid and glomerular filtration is slow, the haemoglobin 
which is passed out m the glomeruli is precipitated m the tubules possibly 
as acid haematm, owing to the filtrate becoming acid as it passes down the 
tubule , the lumen of the tubules is thus obstructed, and the flow of urme is 
1 Miller and McDonald, J elm Investig , 1951, 30, 1033 
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seriously interfered with In spite of alleviative measures such as injections 
of saline and alkali, 1 almost complete anuria may develop (Fig 101) Owing 
to renal failure the mtrogenous constituents of the blood rise, and a condition 
of latent uraemia results (p 73) The patient in severe cases may die in 
8-10 days, after developing increasing lethargy and coma 2 In a series of 
cases in which incompatible blood of the ABO groups was given, no death 
occurred when less than 350 c c of blood were transfused 

Inheritance of Classical Blood Groups — The four classical blood 
groups depend on three genes named after the corresponding factor, A, B, 
and 0 Each person’s blood group is determined by the two genes 
which he receives, one from each parent Genes A and B are of equal 
strength, and when present together work independently Gene 0, on the 
other hand, is recessive, i e when coupled with A or B it does not function 
Accordingly 


If a person receives genes 

His blood group is 
His genotype is 


fA+A 

B+B 

A+B 

0+0 

-( or 

or 



Ia+o 

B+O 



A 

B 

AB 

0 

AA or AO 

BB or BO 

AB 

00 


This information can be used m investigating cases of disputed paternity 
A baby must receive one of three possible genes (A, B, or 0) from each parent 
Further, each parent transfers one of two genes to the child an A parent 
(genotype AA or AO) can give A or 0, a B parent (genotype BB or BO) B or 
0, an AB parent A or B, and an 0 parent (00) 0 only 3 
It follows that 


If the baby’s 
group ib — 

Parents must 
have given it — 

So if mother 
was — 

Father could 
not have been — 

0 


0+0 


No matter which 

AB 

AB 


A+B 


No matter which 

0 



A + °) 




A 

■ 

or 

- 

B or 0 

B or 0 



. A + A 






f B + 0 1 




B 

■ 

or 

- 

A or 0 

A or 0 



l®+ Bj 





The medico-legal value of blood grouping tests is greatly enhanced if the 
MN and the various Rhesus factors are also studied 

The M and N factors depend on two minor supplementary blood genes 

1 Owing to failure of salt and water excretion there is a real danger of overtreatment 
with the risk of fluid retention and oedema, especially of the lungs Attempts at “ flushing 
out the kidneys ” should not be made , the volume of fluid administered should equal the 
maximum likely to be lost from the skin and lungs, and excreted by the kidneys 

* Whitby, Lancet, 1942, n, 581 * 

* I* mu8t be remembered however that the child’s blood may not be set m its true 
ABO type until as late as one year after birth 












184 - 


CHANGES IN STORED BLOOD 


These curiously enough do not elicit an output of agglutinins when injected 
into man and may therefore be ignored in carrying out transfusions They 
are, however, antigenic to rabbits and agglutinating sera can be prepared by 
injecting human M or N cells into rabbits 

Each person carries two of the genes of the M and N gioup, t e M+M 
(=M), N-J-N (=N), or M+N (=MN) As a result 


If ft b ft by’ 8 
supplementary 
group ib — 

Parents must 
have given it — 

So if mother’s 
supplementary 
group was — 

Father could 
not have been — 

M 

M + M 

No matter which 

N 

N 

N+N 

No matter which 

M 

MN 

M + N 

N 

N 

MN 

M + N 

M 

M 


It should always be remembered that blood grouping tests can never 
prove that any suspected person is the actual father , they can only show 
that he could not possibly have been the father or that he (like many others) 
might have been 

Use of Stored Blood — Whole blood transfusion is the ideal treatment 
for severe hajmorrhage when given promptly and m adequate amounts 
Under war conditions and even for the emergencies of civil practice it is 
advisable to have considerable stores ready at hand Group 0 blood is 
employed , it is collected and stored under strictly sterile conditions and 
kept fluid by addition of citrate Group 0 , Rh— blood should be available 
for use m appropriate cases [The aft agglutinins can be removed from the 
blood by adding the AB specific substances ] 

Red cells undergo rapid changes during storage in simple citrate solutions , 
they are preserved much longer m the presence of 1% glucose, the amount of 
haemolysis after six weeks’ storage being reduced to one-tenth 1 Glucose acts 
mainly by liberating lactic acid and lowering the pR of the medium (citric 
acid is helpful for the same reason) A satisfactory diluent is 100 c c of 
2% disodium citrate and 20 c c of 15% glucose, to which are added 420 c c 
of blood 

The mam red cell changes during storage are fully described on p 7 , 
owing to the decrease or arrest of red cell metabolism the ions to which the 
cell membrane is permeable move according to their concentration gradients 
(i) K + passes out of the cells mto the plasma where the E> concentration 
rises from the normal 20 mg-% to, eg , 116 mg-% in 14 days (Fig 102) , 
Na+ passes from the plasma mto the cells, raismg the concentration there 
from 40 mg-% to 80 or even 140 mg-% , (ii) the cells increase m volume 
and become shorter and fatter, i e more spherocytic (p 164) inconsequence 
they un dergo haemolysis more readily in hypotonic solution and may rupture 
m vitro in salt concentrations as high as 0 8-0 85% , (in) haemolysis of the 
cells takes place to an increasing degree while m contact with their own 
plasma , (iv) the inorganic phosphate of the plasma rises slightly from 3 mg- / 0 
to say 5 mg-% The changes m the other blood constituents are unimportant 

1 Maizels, Quart J exp Physiol , 2943, 32, 143 
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the platelets disappear m two days, 70% of the white blood cells have 
disappeared on the second day and many of the surviving ones are degenerate , 
by 10 days all the white cells are gone or dying , the constituents related to 
blood clotting and the plasma proteins are comparatively stable 

From the practical pomt of view the value of stored blood is closely related 
to the survival time in the recipient’s body of the transfused cells If they 
disintegrate very rapidly they create the difficulties always associated with 
free hemoglobin m the plasma (p 182) and do not help m oxygen carriage , 
such a whole blood is no better, and m obvious respects more dangerous, than 
plasma The degree of spherocytosis and saline fragility of the cells prior to 
injection is not a reliable criterion of the fate of the cells in the body Their 
survival time m the bodv must be determined by direct study of the recipient 
(Fig 103) It is found that cells stored m 


citrate solution for 7 days disappear from >30 

the recipient’s circulation in 1-2 days , '" s . — - 1 

by contrast, cells stored in citrate-glucose e M0 " s' 0 **'*' 

for as long as 18 days undergo no lasting § J' 

deterioration apart from normal ageing, ^ 90 ~ / ‘ 

and they survive in the recipient’s circula- ^ 70 _ / - 

tion (allowing for ageing) for as long as J* / 

fresh cells W 50 - / / 

As explained on p 8, if abnormal s J / 
stored red cells are incubated with glucose ^ 30 -/ / 
in vitro at 37° C their metabolism is $■) // 

restored , consequently the Na + is ex- 1 0 ^ 

traded from the cells, the K+ is drawn 1 ■ J - i.. -i- i - ■ j .._ 1 -x J 

back and the ionic pattern of the red cells days 

t0 /°™ al Similarl 7’ abnormal Fia 102 -Changes m Plasma Potas 
stored red ceils are injected into the sium Concentration m Stored 
circulation of a recipient they become Blood on Standing (tempera 

normal (“reconditioned”) in less than ture, W”C) 

24 hours With respect to Na+ and E> 0rdmate Plasma K+ m mg /100 c c Note 
, 1 i i , progressive increase m pIasma-K+ with 

content, volume, shape and sahne fragihtv time The results with two bottles of 
The high pIasma-K+ concentration of S‘S T&Z, J8T” " 
stored blood must be borne in mind, as 

K+ m excess has toxic effects on the circulation , these may be avoided 
it the transfusion is performed at rates not exceeding 40 c c per minute 
r/asma can be stored in the liquid form for many months 1 if dried it can 
e kept for years and under all conditions of temperature , it can be recon- 
stituted by adding sterile water Plasma is of great value m hemorrhage 
(enough not quite as satisfactory as whole blood (p 86)), traumatic shock, and 
U 5 ns on< *itioned plasma (p 181) can be given m very large volumes 
without tear of agglutinating the recipient’s red cells The plasma is prepared 
irom targe pools representing many donors and some batches may carry the 

plasma may occasionally develop toxic properties owing to some alteration 
S £ rot r S 0n “j raTCnous section then produces a slowing of the 

tmbLces of resnL ?° d (du6 , t0 cardlac inhlbltl011 vasodilatation) fnddis- 

vagal endmra Ti & tox ( C pas ? m seems to damage the lungs, stimulates local 

resLatobv fhaJ fiL * n f affij rent impulses which refiexly produce the circulatory and 

pulmonarv a ™ Prevented by section of the afferent 

* na t> vagal fibres (Gilding and Nutt, J Physiol , 1944, 102, 446 ) 
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duration of life of red cells 


virus of infective licpatitiB For this reason transfusion with the poly- 
saccharide Dextran ” (6% m salmc), is preferred by many The large 
molecules of this substance arc well retained m the circulation and help to 
maintain the blood pressure " 


FATE OF THE RED BLOOD CORPUSCLES JAUNDICE 

Duration of Life of Red Cells 1 — Once the reticulocyte stage has been 
passed there are no means of determining how old any particular erythrocyte 
is The average duration of life of erythrocytes m man is 3 or 4 months (and 



Fiq 103 — Surviva JTimo of Transfused Bed Blood Cells m Man 

Blood of Group O was transfused Into patients of Groups A, B or AB Bed cell 
counts wero performed after agglutinating the recipient s own cells \uth aft sera 
Tiio ordinate represents counts of Group 0 cells onlj in recipient’s Wood Note 
that the injected cells maj survive for 100 daj a (Scarborough, Edin vied J ) 


not 3 or 4 weeks as previously supposed) The evidence is as follows a large 
volume of Group 0 blood is transfused after a hfemorrhage into (say) a Group 
AB recipient Counts of Group 0 cells are performed at intervals by diluting 
specimens of the recipient’s blood with fluid containing serum a and /J which 
agglutinate and precipitate the AB cells which are then filtered off Typical 
results are shown m Fig 103 , the transfused cells progressively decrease m 
number but some are still present after 70-100 days 

Red Cell Survival Time in Disease 2 — The survival time of red cells 
m the body is reduced when (i) the cells are abnormal or (n) the biemolytic 
system is abnormal (i e the normal destroying mechanisms are excessively 
active or abnormal hsemolysms are present) 

(i) (a) The red cells of patients with congenital heemolytic jaundice 
(p 229) and pernicious anaemia (p 196) are destroyed excessively rapidly m the 


1 London et al , J biol Ghent , 1949, 179, 463 

2 Mollison, Clin Set , 1946-48, 6, 137 Singer and Motulsky, 
S4, 768 


J lab chn Med, 1949, 
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patient’s body, thus producing or contributing to tbe anaemia If these cells 
are transfused into normal subjects they are also rapidly destroyed If 
normal cells are transfused into the patients their survival time is normal 
These observations prove that m congenital haemolytic jaundice and pernicious 
anaemia the red cells are abnormal but the haemolytic mechanisms are normal 

(i b ) Red cells that have been stored m vitro, especially in unsuitable 
diluting fluids (p 184), become abnormal and their survival time after trans- 
fusion is shortened 

(n) In other forms of haemolytic jaundice the red cells are normal but 
are rapidly destroyed by abnormal haemolytic mechanisms Normal red 
cells transfused into these patients have a short survival time , the cells of 
the patients when transfused into normal subjects have a normal survival 
time 

Destruction of Red Cells — The initial stages m the destruction of 
the red cells are uncertain The following suggestions have some evidence 
in their support 

( l ) Intact red cells (presumably the aged ones) are taken up intact by 
the macrophages (cf Pig 126) this process seems to be uncommon m normal 
man 

(n) The cells as they age are “ threshed to bits ” in the circulating blood 
and the fragments (fine haemoglobin-containing “ dust ”) are ingested by 
the macrophages 

(m) The red cells may undergo haemolysis m the blood stream, possibly 
as a result of preliminary treatment in the Bpleen (p 227) , the released 
haemoglobin may (a) be taken up as such by the macrophages, or (6) break 
down m the blood stream mto haem and globm , the haem then unites with 
serum albumin to form mcthcemalbumm which is ingested by the macrophages 

(iv) The haemoglobin may undergo chemical changes while still withm the 
red cells , thus the haem may lose its iron, a bihrubm-globin complex resulting 
(called verdohcemoglobiri) winch may escape from the cell and be taken up by 
the macrophages 

Ultimately, whatever the intermediate stages may have been, the red 
cell is destroyed and the haemoglobin is released , it is broken down to globm 
and an iron-free pigment called bilirubin As is explamed below bilirubin 
formation occurs mainly in the macrophage (reticulo-endothelial) system 
The released iron is most carefully stored in the body probably by becoming 
bound with a special tissue i protein called apoferntm to form the iron-con- 
taimng protein, ferritin (p 204) This " reserve iron ” is presumably released 
into the circulation for haemoglobin formation m the red marrow as and when 
required 

Macrophage [Reticulo-Endothelial] System — The term reticulo- 
endothelial system is used m this book to refer to certain phagocytic cells 
found mainly in the bone marrow, fiver, lymph nodes, spleen (and sub- 
cutaneous tissues) In the marrow the cells form part of the fining of the 
blood sinuses ( littoral cells) , in the fiver they fie at intervals along the 
vascular capillaries ( Kupjfer cells) , m the lymph nodes they fine the lymphatic 
paths , in the spleen they are found in the pulp (p 223) The characteristic 
feature of the cells of the reticulo-endothelial system is their power to mgest 
foreign colloidal particles , thus if carmine or Indian ink is injected intra- 
venously mto living animals the cells take up the dye, are deeply stained 
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by it and so arc easily recognized Cells of similar histological appearance 
winch do not take up these dyes are not included m the reticulo-endothelial 
system Because they ingest large particles the cells are called macrophaqes 
I he functions of these cells are as {allows 


(1) They ingest and destroy red blood corpuscles and form and release 
bilirubin {infra) 

00 The Y ingest bacteria and are thus concerned with the defence of the 
body agaui&t infection They rapidly increase m number under these condi- 
tions with resulting enlargement of the organs which are rich m these cells, 
e g spleen, lymph nodes 

(hi) They form antibodies m response to the presence of certain types 
of protein antigens , it is suggested that fragments of the superficial cytoplasm 
are released containing the specific globulin antibody 

The reticulo-endothelial system functions as a physiological unity , if 
any part of it is put out of action the rest of the system undergoes com- 
pensatory hypertrophy and makes good the deficiency 

Origin of Bilirubin — (1) In the normal animal, and particularly when 
blood destruction is actively proceeding, the macrophages (reticulo-endothelial 
system) contain fragments of red cells (Fig 126), free haemoglobin, or iron in 
an inorganic form which gives the Prussian blue reaction 

(2) There is a trace of bilirubin in the circulating blood , but the blood 
leaving the spleen and the hone marroiv contains significantly higher concen- 
trations of bilirubin than the arterial blood, proving that bihrubm is formed 
m these organs 

(3) Although the Kuplfer cells of the liver also make bilirubin, the hver is 
not indispensable for bilirubin formation After total extirpation of the hver, 
bilirubin rapidly accumulates in the body , the plasma and body fat are 
coloured yellow, and jaundice is present m animals which survive for more 
than six hours (cf p 825) Jaundice develops almost as rapidly when the 
spleen and the other abdominal viscera are removed as well, proving 
that the bone marrow macrophages are important sites of bihrubm 


formation 

(4) After splenectomy (in the intact animal), compensatory hypertrophy 
of the other macrophages takes place, and the rate of bihrubm formation is 
not diminished 1 

Chemistry of Bilirubin Formation — The first change undergone by 
hsem (or to give it its full chemical name, iron-protoporphyrin IX) is the 
oxidation of the C of its a methme (=CH) bridge, to C0 2 The tetrapyrrol 
ring structure is thus broken up , the four pyrrol groups then become 
arranged as a straight chain Next, the Fe is split off, the resulting compound 
being bilirubin The sequence of events is set out m Fig 104, which also 
shows that bihrubm has the same side chains attached to its pyrrol groups as 
has haem , it differs from harm m the loss of the =CH (methme) bridge in the 
a position and in being a straight chain and not a ring structure 

The bilirubin which is released by the macrophages into the blood stream 
may be called hcemobihrubm , m the circulation it is probably carried m 
combination with serum protein It is secreted m a modified form (probably 


i In bruises, after the passage of time the hemoglobin of the extra va sated blood is 
converted progressively into bilirubm owing to the activity of the local macrophages 
these however, are not concerned with the normal destruction of circulating blood cells 
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appears within 10 minutes the reaction is negative A positive direct reaction 
is given by cholebihrubin, ? c the bilirubin which has been secreted into and 
is present in bile, or the bilirubin which has passed back from the bile into the 
biood Ilaimobilirubin gives a negative direct Van den Bergh xeaction 
(2) Indirect Reaction The serum and the reagents are mixed and then 
alcohol is added which precipitates the serum proteins A reddish colour 
indicates the presence of bilirubin Both forms of bilirubin give a positive 
reaction 

The qualitative Van den Bergh reactions are less helpful clinically than 
the corresponding quantitative reactions When the latter are used the indirect 
reaction determines the total amount of both forms of bilirubin , the direct 
reaction gives the amount of cholebihrubin , the difference between the two 
values represents the amount of htemobihrubm 

The mam differences between the two lands of bilirubin are summarized 
below 


ILemobilirubin 

Normally present m blood-serum 
Increased m amount m limmolytic 
jaundice (“ retention jaundice ”) 

Gives a negative direct Van den 
Bergh reaction 

Gives a positive indirect Van den 
Bergh reaction 
Extractable by chloroform 
Present m serum in the form of (?) 

bilirubm-albumin 
Not excreted m the urme 


CHOLEBILIRUBIN 

Normally present in bile 

Appears in serum in obstructive 
jaundice (“ regurgitation jaun- 
dice ”) 

Gives a positive direct Van den 
Bergh reaction 

Gives a positive indirect Van den 
Bergh reaction 

Not extractable by chloroform 

Present m bile in the form of (?) Na 
bilirubinate 

Excreted in the urine 


Serum Bilirubin Values — The normal adult range is 0 2-1 7 mg-% , 
(m 93% of normal cases the level is below 0 8 mg-%) , values over 1 mg-% 
are unusual , the mean is 0 5 mg-% In new-born infants higher values are 
obtained (p 192) 

Jaundice — In jaundice there is an abnormally raised bilirubin content 
of the blood, with resulting outflow of bilirubin into the tissues, which con- 
sequently become stained yellow Three mam varieties of jaundice may he 
recognized 

(I) Haemolytic Jaundice 1 — This results from excessive destruction of 
red blood cells, with consequent formation of bilirubin more rapidly than the 
hepatic cells can cope with it , excess haemobilirubin thus accumulates m the 
blood (“ retention jaundice ”) Rapid hmmolysis may occur after transfusion 
of incompatible blood (p 181), experimental injection of haemolytic sera 
(p 170) or of poisonous agents like arsemuretted hydrogen, in pernicious 
anaemia (p 196), or m congenital haemolytic (acholuric) jaundice (p 229) 

In haemolytic jaundice, although bilirubin accumulates m the blood, the 
bile acids are passed out normally into the intestine and their concentration 
in the blood does not rise Haemolytic jaundice is therefore a pure pig- 
mentary cholaemia ” or “ dissociated jaundice ” — the bile salts bemg treated 
differently from the pigments 

1 Davis, Edtn med J , 1943, 50, 589 
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Other factors may contribute to the production of jaundice in these 
cases ( 1 ) The haemolytic agent may damage the liver cells, impairing their 
power to secrete bilirubin from the blood into the bile , the liver cells may 
become swollen, blocking the bile canaliculi (n) The raised bilirubin content 
makes the bile very viscid and may lead to the formation of bile thrombi , 
the flow of bile is slowed down, with resulting rise of pressure in the bile 
passages and back-flow of some cholebihrubm into the blood In uncom- 
plicated haemolytic jaundice, bile pigments are absent from the urine, but 
an excessive amount of urobilinogen (p 194) is excreted 

(2) Toxic and Infective Jaundice — The liver cells are poisoned and 
consequently their power of secreting bilirubin from the blood into the bile 



Fig 105 — Distribution of the two types of Bilirubin in the 
Serum in an Illustrative Senes of cases of Jaundice 
(Modified from Green et al , Arch ml Med , 1938, 61, 
658 ) 

A Hieinolytic Jaundice , B Hepatitis , C Hepatitis and Cirrhosis , 
D Stricture of Bile Duct , E, F Stone m Common Bile Duct , 
G Stone in Bile Duct and Cirrhosis , H Carcinoma of Liver 
K Portal Cirrhosis 


capillaries is impaired , hsemobikrubin is consequently retained xu the blood 

Frequently an obstructive factor is also present’ (i) because the liver 
cells are swollen they tend to block the bile canaliculi , (n) the inflammatory 
process may involve the bile ducts , the bile capillaries may thus become 
plugged in places by an albuminous coagulable material The distended bile 
capillaries above the block may even rupture with resultmg return of chole- 
bihrubm into the blood ' ’ 

(3) Obstructive Jaundice In this condition there is an obstruction 
to the outflow of bile from the bile passages mto the small intestine Bilirubin 
which has already been secreted from the blood into the bile, i e cholebihrubm 
is passed back into the blood where it accumulates (“ regurgitation jaundice ”) 
Obstructive jaundice may be due to some gross cause such as a stone m the 
common bile duct or a carcinoma of the head of the pancreas In such 
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conditions all the bile constituents (pigments and salts) are returned into the 
blood and do not reach the intestine Bile pigments appear in the unne when 
the serum level exceeds 2 mg-% 

As explained above there may be an obstructive factor m hiemolytic or 
toxic and infective jaundice In some grave affections of the liver such as 
acute hepatitis (p 833), widespread necrosis of liver cells occurs There is 
then not only secretory failure but many liver cells become cut off from the 
bile capillaries and any bilirubin that is still secreted is passed back as 
cholebilirubin into the blood 


I'hoin what has been said above it is clear that, although cases of jaundice 
can be usefully divided into three 
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Fig 10G — Plasma Bilirubin Content in 
Blood of Umbilical Cord and Post- 
Natal Life (Findlay, Higgins, and 
Stamer, Arch Dis Chtldh , 1947, 22, 
65 ) 


main groups, considerable overlapping 
occurs, more especially between the 
second and third groups Thus, m 
“ pure ” toxic and infective jaundice, 
haimobihrubin alone should accumu- 
late in the blood, giving a positive 
indirect reaction only , m “ pure ” ob- 
structive jaundice, only cholebilirubin 
should accumulate m the blood, giving 
both a positive direct as well as an in- 
direct reaction Fig 105, however, 
presents the actual blood findings in 
some illustrative cases of jaundice In 
the case of hmmolytic jaundice studied 
hmmobihrubm alone was markedly 
increased, as would be expected (Fig 
105, A) In the cases of liver damage 
(hepatitis, carcinoma, cirrhosis (Fig 
105, B, C, H, K), cholebilirubin as well 
as ksemobihrubm was present m ex- 
cess, and unexpectedly the blood 
generally contained more cholebilirubin 
than bilirubin In the cases of biliary 


A senes of normal Infants nas examined lVIion obstruction the hsunoblllTubm as well 
the plasma bilirubin exceeds 5 mg-% clinical &g cholebilirubin was raised (Fig 
jaundice is present ^ ^ ^ ^ ^ Q ^ hg5mob]lirubm 

was normal) , in fact in the examples shown there was surprisingly little 
difference m the blood bilirubin picture between the cases of liver damage 
and of biliary obstruction (For diagnostic value of flocculation tests, see p 831 ) 
Jaundice (Hyperbihirubinhsmia) op the New-born (Icterus Neo- 
natorum) 1 — As mentioned on p 190, it is unusual for the plasma bilirubin 
conoentot.cn m normal adults to exceed 1 mg-% , higher value. . are 
however, very common m normal young infants In 68 of 110 normal 
new-born infants the plasma bilirubin m the umbilical cord blood exceeded 
1 me-% In many infants the bibrubm level continues to rise after birth 
to a peak which is generally reached during the first week, and then declines 
if the plasma bilirubin exceeds 5 mg-%, clinical jaundice is always present 
I 0 73 norma? mfants examined, thep/ak bilirubin level attamed dunng the 
1 Findlay, Higgms, and Stamer, Arch Dis Ohildh , 1947, 22, 65 
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first 10 days exceeded 1 mg-% in 34 , it exceeded 2 mg-% m 28 of these, 
the highest value noted being 20 mg-% , 18 cases showed clinical jaundice, 
the so-called icterus neonatorum (Fig 106) The cause of this “ physio- 
logical ” jaundice of the new-born has been much discussed 

(1) The jaundice has been attributed to excessive haemolysis In support 
of this view it is emphasized that a rapid fall of red cell and haemoglobin 
concentration normally occurs after birth , the fall is maximal during the 
second week and may continue into the third month , as a result the blood 
picture changes from one of polycythsemia (by adult standards) to one of 
anaemia (Fig 100) But the usual evidence of excessive haemolysis is absent , 
thus no haemolysms have been demonstrated and there is no raised saline 
fragility of the red cells , there is no relationship between the time of onset 
of the fall or the rate of fall of the red cell count and the onset or the severity of 
the jaundice The fall m the red cell count immediately after birth is probably 
due to decreased activity of the red marrow and not to increased haemolysis 

(2) The jaundice of the new-born is probably due to hepatic immaturity 
Many physiological functions are imperfectly carried out m the new-born, 
e g temperature regulation, voluntary movements In utero the bilirubin 
formed is mainly eliminated via the placenta , it is secreted to a lesser extent 
by the liver into the bile and reaches the intestine to form the green meconium 
Immediately after birth the liver has to eliminate all the bilirubin formed , 
it would seem that frequently the liver is unable to deal adequately with this 
task during the first 10 days of life , jaundice therefore develops Bilirubin 
excretion in the fseces in these jaundiced infants is always decreased 

Excretion of Bile Pigments in Urine — Efemobilirubin is not excreted 
by the kidney, but cholebihrubm is excreted when the plasma level exceeds 
2 mg-% In general then, haemolytic jaundice tends to be acholuric (p 229), 
i e there is no bile pigment m the urine , in obstructive jaundice, however, 
bile pigment (and bile salts) appear in the urine in amounts which are pio- 
portional to the concentration of these substances m the blood 

Fate of Bile Pigments — In the bile passages bilirubin is oxidized by 
the loss of 2H to biliverdm the pyrrol side chains are unaffected Reduction 
of the bile pigments occurs in the intestine to urobilinogen ( stercobihnogen ) 

IN INTESTINE IN ATT ?. 

Biliverdm 



Bilirubin Urobilinogen > Urobilin 

+12H (Stercobihnogen) — 2H (Stercobilm) 

The reduced pigment, urobilinogen (stercobihnogen), is excreted m the 
faeces , on exposure to air it is oxidized into urobilin (stercobilm) About 
half the pigment excreted m the bile can be demonstrated in the faeces 
Some is reabsorbed from the intestine into the portal blood and reaches the 
liver where it is largely re-excreted into the bile, although a little escapes 
into the systemic circulation to be excreted in the urine as urobilinogen 
(which on exposure to air becomes urobihn) It is alleged that liver damage 
allows more of the absorbed urobihn to pass through , the amount of 
urobilinogen m the urine is thus increased The amounts of bile pigment 
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derivatives normally excreted in the feces is 40-280 mg , compared with 
0-4 mg in the urine 

In hsemolytic anaemia, because of excessive formation of hsmobihrubin, 
there is increased excretion of cholebilirubm, and more urobibn (stercobilmj 
is formed in the intestine As larger amounts of urobilin are reabsorbed into 
the blood there is an excessive excretion of urobilinogen in the urine 

It is clear that no particular care is taken m the body to preserve the 
pyrrols derived from the breakdown of haem This may be related to the 
fact that tetrapyrrols can be readily synthesized in the body from simple 
constituents hke glycine (p 880) or “acetic acid units ” (p 873) 


REGULATION OF ERYTHROPOIESIS PERNICIOUS ANEMIA 
AND OTHER MACROCYTIC ANEMIAS 1 

Regulation of Erythropoiesis — The mam factors influencing erythro- 
poiesis can be classified as follows 

A General Stimulants — (1) Anoxia — Oxygen lack, when sufficiently 
severe, stimulates red cell formation m the marrow and increases the red cell 
count Anoxia is responsible for the polycythcemia at high altitudes (p 445) 
or of congemtal heart disease (p 453), for restoration of the red cells after 
haemorrhage (p 84), and for the marrow hypertrophy which occurs in many 
anaemias Conversely a high oxygen pressure depresses erythropoiesis (Fig 107 
and legend) 

(2) Thyroid — In thyroid deficiency (myxcedema), owing to depressed 
marrow activity, anaemia (macrocytic and hypochromic) commonly occurs 
which responds to thyroid medication (but not to iron or liver therapy) 
(Fig 108) Thyroxine probably has no specific stimulating action on the red 
marrow but acts as a general metabohc stimulant, the marrow participating 
in the widespread tissue response 

(3) Vitamm-C — Although many cases of clinical scurvy are anaemic it 
has been shown that pure complete vitamm-C lack does not give rise to anaemia 2 

B Factors Affecting Haemoglobin Formation — Certain raw materials 
must be available in adequate amounts, namely, iron for haem (pp 205 et seq ) 
and protein for globin formation (p 210) , copper is also needed in minute 
amounts (p 213) (though its mode of action is obscure) The porphyrin of 
haem can be readily synthesized m the body 

C Maturation Factors — (1) Endothelial Cellr-yProerythrohlast ( Megalo - 
blast) — Nothing is known about the factors concerned m this initial phase 
of red cell formation Arrested development at the stage of the endothelial 
cell leads to aplastic anaemia The areas where red marrow is normally found 
are fatty and devoid of erythxoid cells , there is a progressive decline m the 
circulating total red cell volume (Fig 49) and the red cell count , death 
ultimately results from anoxia 

(2) Maturation of Nucleated Red Cells ( Erythrohlasts ) — For this stage of 

1 Whitby and Britton, Disorders of the Blood, London, 6th edn , 1950 (full bibhog ) 

2 Ani mal experiments suggest that certam members of the vitamin-!? group are 
involved in red cell formation, e g pyndoxine, riboflavin, and nicotinic acid There is 
no evidence that their absence is related to human ansemia 
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Fig 107 — Effect of High Oxygen Concentrations on Erythro- 
poiesis (Moore et al , J elm Investig , 1944, 23 ) 

A case of sickle cell aruerma In this disease the abnormal red cells are 
rapidly destroyed , the bone marrow becomes hyperplastic and 
young red cells enter the circulation prematurely leading to an 
increased reticulocyte count 

Initially the red cell count was 2 5 million, the hemoglobin concentration 
11 g-%, hematocrit value (red cell volume %) 30%, reticulocytes 
20-30% Pure 0 2 was breathed through a mask for 20 days During 
this period the reticulocyto count fell, indicating depressed erythro 
poiesis The red cell count and hemoglobin concentration fell because 
new red cell formation was not keeping pace with red cell destruction 
On returning to air, intense erythropoiesis was resumed as shown by 
the increase in the reticulocytes (to over 60%) and the rise m the red 
cell count and haemoglobin concentration 



Fig 108 — Action of Thyroid on Anaemia 
of Myxcedema (Sharpe, Amer J 
med Sci , 1937, 194, 385 ) 

Ordinates from above downwards red cells in 
millions per c mm , haemoglobin % , B M B 
(basal metabolic rate! 0=normal, 40=40% 
below normal 

Initial haemoglobin 82%, red cell count 4 1 million 
per c mm On Iron therapy (45 grains FeNH 4 
citrate daily) the haemoglobin fell to 76% and 
the red count to 3 2 million , mean corpuscular 
volume 92 /h', mean corpuscular haemoglobin 
41 x 10 ~J 2 g After three months the DIR 
was determined and found to be —37% Iron 
therapy was discontinued and thyroid extract, 
2 grams daily, given The improvement in the 
blood roughly paralleled the rise of BUR 
After six months the haemoglobin was 120% 
and the red cell count 6 6 millions The 
B M B was 20% above normal 





196 


PERNICIOUS ANEMIA 


development a specific maturating principle is necessary, the hcemaltnic 
principle, which is formed in the stomach by the action of a gastric enzyme 
( intrinsic factor) on a food constituent ( extrinsic factor) In the absence of 
hsematinic principle the blood and marrow changes characteristic of pernicious 
ancRmia (and other so-called megaloblastic anaemias') are found 

The evidence for the above statements is given on pp 198 et seq 

Pernicious Anaemia — This disease is due to the absence of the hcematimc 
principle which regulates the maturation of the nucleated red cells m the 
marrow The principal changes in permcious anaemia are as follows 

(1) Bone Marrow — Owing to the ansemia and the resultmg anoxia the 
red marrow is stimulated, i e it becomes hyperplastic and spreads throughout 
the shafts of the long bones (e g femur, tibia, and fibula, and the corresponding 
bones of the arm) The nucleated red cells in the marrow are not only greatly 
increased in number but also show characteristic peculiarities If the succes- 
sive nucleated cell stages m erythropoiesis are called Stages I, II, III, and IV 
then in permcious anaemia the early stages (I, II) are more numerous (e g 
70%) than Stages III and IV (30%) , normally the reverse is the case 
(p 164) The nucleated red cells differ in their detailed cytology from normal 
marrow erythroid cells and are called by British hsematologists, megaloblasts, 
early, intermediate, and late (p 164) These cells are of greater diameter , 
the cytoplasm becomes prematurely filled with haemoglobin and so becomes 
eosinophil sooner The nucleus of the early, intermediate, and late megaloblast 
is more primitive than that of the corresponding normoblast and the chromatin 
is finer, sparser and less regularly spaced , much diagnostic significance is 
attached to these chromatin changes The late megaloblast loses its nucleus 
and becomes a non-nucleated large red cell or macrocyte Although the erythroid 
cells m the marrow of permcious ansemia are very numerous most of them 
fail to mature beyond the early megaloblast stage , as the complete ripening 
of the nucleated cells is inhibited, fewer mature red cells enter the circulation, 
with resultmg ansemia The overactive marrow of permcious ansemia is 
described as showing megaloblastic hyperplasia 

(2) Blood Changes — The number of circulating red cells is greatly 
reduced, counts of 1 milli on cells per c mm not bemg rare Pig 94 shows 
that the average diameter of the cells is well above normal (eg 8 2 /*) and 
many cells may have diameters of 10 or 11 p , the cells have a larger volume 
(95-160 g 3 (average normal 87)), the mean corpuscular hsemoglobm concentra- 
tion is the normal 35%, but the hsemoglobm content of each cell (mean 
corpuscular hsemoglobm) may be as much as 50 X 10 -12 g (normal 30) This 
means that the hsemoglobm concentration (in g-%) is reduced proportionately 
less than the red cell count (in millions per c mm ) Nucleated red cells may 
sometimes be seen m blood films The granulocytes and platelets are com- 
monly reduced in number probably because of encroachment of the megalo- 
blastic tissue on the space available m the marrow 

There is evidence that the abnormal circulating red cells are undergoing 
excessive destruction, the spleen, marrow, and lymph glands may show 
intense phagocytosis of red cells, the serum bilirubin may be elevated in 
consequence (the average concentration in permcious antenna is 0 98 mg 
compared with 0 31 mg-% in normals) and a low grade of jaundice is present 
If the cells of a patient with permcious anaemia are injected mto a normal 
person, their survival time is less than normal (p 186 ) 
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(3) Stomach — There are regular and characteristic changes m the 
stomach, consisting of atrophy or destruction of that pait of the mucosa 
which bears the peptic and oxyntie cells, but usually sparing the pyloric 
glands , complete achlorhydria is almost always present {pp 202, 784) 



Fig 109 — Liver Treatment of Pernicious Ansemia 

(Brewer, Wells, and Fraser, Bnt med J , 1928 ) 

RBC red cell count m millions per c mm WBC white cell count m 
thousands per c mm Hb % haemoglobin % (Haldane scale) 
Bet or Reticulocytes % reticulocyte count per 100 red cells 
i lb cooked luer was given daily Note the initial transient increase 
m the reticulocyte count which is followed by a progressive increase 
in the red cell count and hscmoglobw percentage The white cell 
count also markedly rose 


(4) Nervous System — In advanced cases demyehnation of the white 
fibres of the spinal cord occurs, affecting the dorsal columns chiefly, and 
later the lateral columns ( subacute combined degeneration of the cord) 

Untreated cases show periods of remission when the blood picture improves 
followed by periods of relapse when the ansemia becomes more severe , but 
the general course is downhill until death occurs 

Cases suitably treated with active liver extracts given by mouth or by 
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intramuscular injection can be restored to, and maintained m, good health 
indefinitely The active agent m the liver extracts is called the hcematmc 
principle A highly potent cofca^-contammg crystalline substance (mol 
wt 1500) has been isolated from liver extracts, it is commonly called 
vitamin-i? 12 1 As little as 1 fig given ( intravenously or intramuscularly) daily 
restores the blood to normal and relieves the neurological symptoms 2 3 

Action of Haematimc Principle in Pernicious Anaemia — The first 
sign of improvement after commencing liver therapy is an increase m the 
number of circulating reticulocytes ( reticulocyte response) , within 7-12 days 
. , they reach a peak level and !"may 





Fiq 110 — Effect of Liver Extract 

(Haematimc Principle) on Erythropoiesis 
in Pernicious Anaemia (Davidson et al , 
Quart J Med , 1942, 11 ) 

Ordinate Percentage distribution of different types 
of nucleated red cells (I, II, HI, and IV) in 
sternal bone marrow films 

Abscissa Hours after Injecting liver extracts 
Determinations were made at 9, 28, 43, and 
173 hours (averages of 12 cases) 

Stages I, II, III, and IV successive stages in 
maturation of nucleated red cells (cf p 164) 
Before treatment, as tho marrow is megaloblastic, 
stages I-IV include the early, intermediate, 
and late megaloblaBts 

Stages I and II initially constituted 70% of the 
marrow erythroid cells , stages III and IV were 
30% After liver treatment stage I was less than 
10% and stage III over 50% the cells had also 
reverted to the normoblastic type 


follow the normal line of development 
appearance of the haemoglobin As the 


constitute 15-40% of the total red 
cells This response always heralds 
a general improvement in the con- 
dition of the circulating blood, and 
the haemoglobin concentration and 
red cell count soon begm to rise 
The number of reticulocytes then 
falls to normal, but the haemoglobin 
and red cell levels contmue to rise 
until the normal state of the blood 
is restored (Fig 109) 

Mode op Action oe ILematinic 
Principle 3 — (i) Within as short a 
period as 6-9 hours, and before there 
is any change in the circulating 
blood, the bone marrow begins to 
change its appearance (Fig 110) 
The earlier megaloblastic cells (i e 
Stages I and II) which are initially 
the dominant cells become progres- 
sively transformed into the later 
stages {i e Stages III and IY) and 
all the marrow cells revert increas- 
ingly to the normoblastic type , m 
other words, hsematmic principle 
promotes the maturation of the 
erythroid cells and enables them to 
as regards cell size and time of 
red cells complete their maturation 


1 Given by mouth, 300-500 fig are needed daily For the chemistry of vitamm-P 12 

and detailed clinical reports see Lester Smith, Brit med J , 1949, u, 1367 , Ungley, ibid , 
1370 , , 

2 Foil c Acid (pteroyl glutamic acid), which is chemically quite unrelated to vitamin 7> 12 
and is not intrinsic or extrinsic factor, restores the marrow and blood to normal in 
pernicious anmmia, but unfortunately aggravates or induces the neurological changes 
It is, therefore, of no therapeutic value m this condition Eolie acid clinically restores 
the marrow and blood to normal in megaloblastic ansemias due to many causes e g 
sprue, idiopathic steatorrhcea, pregnancy, and nutritional deficiencies , it is probably 
unwise to ubo it for other than short periods because of the danger of damage to the nervous 
system The absence of fohe acid from the diet of chickens produces a macrocytic hypo 
chromic ansemia, leucopenia, and thrombopema 

3 Davidson, Davis, and Innes, Quart J Med , 1942, 11, 19 
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Fia 111 — Effect of Liver Extract m Pernicious Ansemia m relation to Initial Degree of 
An semi a (Castle et al , J elm Investig , 1946, 25, 859 ) 

A Whole blood transfusion or concentrated red cells injected intravenously Eed cell count and hmrao- 
globln concentration were raised from 1 5 million and 80% to 4 5 million and 90% respectively 
Inject liver extract as indicated No reticulocytosis develops, though there is a further improvement 
In the red cell count The platelet count and white cell count rise EBC concentrate 13 expressed 
as original volume of blood before removal of plasma 

B Bed cell concentrate corresponding to 6000 c c of whole blood was Injected intravenously The red 
cell count and hemoglobin concentration were raised from 1 0 million and 20% to 6 0 million and 
90% respectively About 30 days were allowed to elapse without treatment , the red cell count 
fell to 3 0 million and the haemoglobin concentration to 60% Liver extract was then injected 
Note immediate reticulocyte response (from 1 to 36%) followed by slow recovery In red cell count 
and btomoglobm concentration 





200 FORMATION OF HA3MATINIC PRINCIPLE 

young reticulocytes begin to appear in tbe circulation ( reticulocyte response) 
and subsequently tbe red cell count rises Tbe newly formed red cells are 
normal m size, i e they are normocytes and not macrocytes , they also no 
longer undergo excessively rapid destruction Tbe hsematmic principle thus 
inhibits tbe process responsible for tbe undue peripheral haemolysis possibly/ 
by promoting tbe formation of red cells of normal structure , tbe serum 
bihrubin correspondingly returns to normal 

(n) Hsemakmc principle also acts on tbe other marrow elements as shown 
by tbe comcident increase in tbe white cell count (Fig 109) and m tbe blood 
platelets 

(in) Within a few hours of bver treatment tbe patient feels stronger, and 
some of tbe characteristic symptoms such as loss of appetite, apathy, and 
digestive disturbances disappear, though tbe red cell count is as yet unaltered 
and the anoxia is not rebeved If a transfusion of concentrated red cells is 
given to an untreated case of pernicious anaemia (to restore the red cell 
count to normal) tbe symptoms due to anaemia and anoxia (pallor, breathless- 
ness, palpitation) disappear, but the sense of well-being is not restored 
Haematimc principle thus seems to act not exclusively on the marrow but on 
cell metabolism in general 1 

(iv) If haamatmic principle is given to a patient m whom the circulating 
blood has been restored to normal by a transfusion, the typical marrow 
changes occur but there is no reticulocyte response (Fig 111) In other words, 

, haematimc principle directly promotes tbe maturation and normabzation of 
tbe marrow cells, but the rapid turning out of red cells by the marrow depends 
on tbe stimulus of anoxia (which always induces marrow overactivity) 
Clinically it is found that the extent of the reticulocyte response is inversely 
related to the red cell count before treatment , if the initial count exceeds 
3 5 milhon the reticulocyte response is sbgbt 

(v) Tbe changes m tbe stomach are unaffected by treatment 

(vi) As many nuclei of normoblasts are destroyed during tbe rapid recovery 
phase, there is increased excretion of uric acid in tbe urine from tbe dis- 
integration of the nucleoprotein of these nuclei 

Formation of Haematimc Principle — The mechanism of formation of 
haematimc principle can now be discussed This involves consideration of 
tbe role of the changes in the gastric mucosa m pernicious anaemia Castle 
carried out the following experiment a normal person ate a mixed meal and 
allowed it to undergo preliminary digestion m his stomach, the digest was 
then aspirated and given by stomach tube to a patient with pernicious anaemia 
If this “ treatment ” was continued a typical reticulocyte response and blood 
and clinical improvement resulted The meal alone, or gastric juice alone, 
given to the patient had no curative action Castle concluded that during 
digestion of a meal in a normal stomach the hasmatmic principle is formed 
by tbe interaction of a food constituent ( extrinsic factor) and a gastric juice 
constituent ( intrinsic factor) Thus 

Extrinsic Factor + Intrinsic Factor= Haematimc Principle 

Recent work, however, suggests that extrinsic factor is actually vitamin- 
jg 12 or some related food constituent and that intrinsic factor modifies it or 
interacts with it so as to promote its absorption from the intestine 
1 Castle et al , J elm Investig , 1946, 25, 868 
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Extrinsic Factor — Extrinsic factor is present in largest amounts in ox 
muscle, yeast, and yeast extracts like Marmite 1 

Intrinsic Factor — A digest of ox muscle with whole normal gastric 
juice is curative, % e hcematimc principle is formed But if ox muscle is 



0 4 8 0 4 8 2 6 10 14 18 

DAYS 


Fro 112 — Experimental Analysis m a Case of Pernicious 
Ansemia of Formation of Hsematmic Principle 

Upper records red cell count (millions per cmm), lower 
records reticulocytes % The curative activity of the 
material employed is judged primarily by the reticulocyte 
response and secondarily and later by the rise m the red 
cell count 

A administer by mouth 300 c c of normal gastric juice 
daily (= intrinsic factor) no response 

B administer by mouth dally, m the morning, 200 g of 
beef muscle (=extrmslc factor) incubated 4-HC1, and 
m the afternoon 300 c c of normal gastric juice ^in- 
trinsic factor) no response Thus intrinsic factor -fex- 
trinsic factor given separately at widely separated 
intervals are not curative 

O administer by mouth dally 200 g of beef muscle previously 
incubated with 300 c c of normal gastric juice rapid 
full response 

Conclusion Intrinsic Factor -f-Extrmsic Factor=Hfflmatinic 
Principle 

Drawn from data by Castle and Townsend, Amer J med 
Sci , 1929, 178, 704 ) 

incubated with pure HC1 no activity develops Similar negative results are 
obtained on incubating muscle with other individual constituents of human 
gastric juice {eg pepsm, rennm, lipase), or with human saliva, or with pure 
human duodenal juice , and, of course, muscle given alone is inert Intrinsic 
factor is thus a hitherto unrecognized constituent of human gastric juice and 
m its mode of action resembles an enzyme (Fig 112) 

1 For recent studies see Hall, Bnt med J , 1950, u, 585 , Ungley et al , ibid , 905 
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The site of formation of intrinsic factor is that part of the gastric mucosa 
which contains the peptic and oxyntic cells , these are to be found throughout 
the mucosa except m a thm strip round the cardiac orifice (cardiac glands) 




DAYS 

Fig 113 — Experimental Demonstration of Localization of 
Intnnsio Factor in “ Mam Gastric Glands ” in Man 

Case of pernicious anaemia Upper records red cell count <in millions per 
o mm ) , lower records reticulooytes per cent Time in days 

Inset diagram of human stomach showing distribution of different types 
of glands (cf p 775) Interrupted Une near cardiac orifice = distal 
border of cardiac glands Interrupted line near pylorus = proximal 
border of pyloric glands Best of stomach=glands containing peptic 
and oxyntic cells (" main gastric glands ") 

Different parts of normal human gastric mucosa were ground up 
with beef muscle, dried, and administered as shewn (at 0) Positive 
retioulocyte and red ceil responses indicate presence of intrinsic 
factor in region of gastno mucosa examined Negative responses 
indicate absence of intrinsic factor In each case after 8 days’ 
experimental period the response to ventriculin ( — haimatmio principle) 
was examined 

Note that mucosa from regions C and F (of inset), i e from tho 
so called ‘ cardiac ” and “ fundic ” region (both these regions contain 
main gastric glands ) is active , it thus contains intrinsic factor 
Mucosa from the pyloric region is only feebly active , the slight 
activity is probably due to inclusion of fundic ’ mucosa in the 
material used (Data from Castle and Fox, Amer J med Sn , 1942, 

203, 18) 

and in part of the pylorus (pyloric glands) Experiments were earned out 
as follows the mucosa was stripped off from various regions of the normal 
human stomach, ground up with ox muscle, dried, and administered to 
patients with pernicious ansemia The mucosal area examined which contains 
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intrinsic factor reacts with the ox muscle to liberate hsematunc principle 
Typical reticulocyte responses were obtained with mucosa from the regions 
labelled C and F m the stomach map in Fig 113 , a very weak response 
was obtained with pyloric mucosa but a potent hasmatmic principle gave a 
characteristic reaction These experiments demonstrate conclusively that 
the so-called “ mam gastric glands ” form intrinsic factor It is exactly this 
region of the mucosa which is atrophied or destroyed m pernicious ansemia 
as seen post-mortem, or during bfe on gastroscopic examination The common 
clinical findin gs of achlorhydria (even after injections of histamine (p 783)), 
and sometimes complete achylia, are indicative of a lesion m the same 
site 

The primary fault in permcious anaemia is thus the gastric lesion, which 
results m absence of intrinsic factor , consequently no hsematuuc principle 
is formed Gastrectomy m man, however, very rarely leads to permcious 
anaemia , this result may be explained by the fact that the gastrectomy may 
have to be total before the body is deprived of all intrinsic factor 

Fate of Hasmatinic Principle — The principle, formed in the stomach, 
passes mto the small intestine, is absorbed from there into the portal blood, 
and so reaches the liver It is presumably stored there, accounting for its 
presence m high concentrations m liver extracts It passes from the liver 
to the bone marrow where m some unknown way it promotes maturation 
and normalization of the erytKroid cells 

Ventriculm — An extract of partially autolyBed whole stomach wall of the 
pig — called ventriculm — is curative in permcious angemia It has been 
suggested that the intrinsic factor in the gastric mucosa acts after death on 
the extrinsic factor m the muscular coat, liberating the hsematuuc principle 
or a substance of a similar nature 

Causes of Megaloblastic Anaemia 1 (Pernicious Anemia Type) — 
Theoretically, the hsematinic principle might not be available for use by the 
bone marrow m one of five conditions, m all of which a megaloblastic anaemia 
of the pernicious anaemia type develops characterized by megaloblastic 
transformation of the marrow erythroid cells and their failure to mature into 
erythrocytes 

(1) Absence of Intrinsic Factor — See Pernicious Ancemia (p 196) 

(2) Absence of Extrinsic Factor — In the Tropics, malnutrition is 
exceedingly common, and megaloblastic anasmia frequently develops Some 
cases can be successfully treated by the administration of yeast or yeast 
products like Marmite, which are rich in extrinsic factor , the essential cause 
of the disorder is the absence of the extrinsic factor from the diet, which 
results from its unsatisfactory composition 

(3) Failure of Absorption of the Hsematinic Principle — This may 
result from an abnormal state of the intestinal tract m intestinal strictures or 
faulty anastomoses, impermeability of the intestinal mucosa, or the presence 
of parasites (like dibothriocephalus latus), which alter or destroy the principle 

1 Megaloblastic Ancemia — The blood disorders in which there is megaloblastic trans 
formation of the hone marrow and anosmia caused by failure to form or use the haematime 
principle, are known as megaloblastic antemias , the circulating red cells are macrocytes, 
» c their average diameter is larger than normal In Borne cases of malignant disease, 
cirrhosis of the liver, myscedema, etc , a macrocytic ancemia may occur associated with 
the appearance of large normoblista m the marrow but there are no megaloblaete in the 
sense defined on p 198 These anaemias are called matronormoblashc anaemias 
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Some cases of pernicious anaemia may be thus caused , they do not respond 
to liver given by mouth but react rapidly to liver extracts given parenterally 
(e g intramuscularly) ; 

In the tropical disease, sprue, all the above disturbances may be in 
operation lack of intrinsic factor m the stomach (with or without achlor- 
hydria), deficiency of the extrmsic factor, and defective absorption of the 
hiematimc principle because of the intestinal derangement Inver extract is 
effective especially parenterally, but sometimes large doses of iron are needed 
too 

(4) Disease of the Liver — In hver damage, pernicious antenna has 
been recorded, presumably from failure to store or mobilize the hsematinic 
principle 

(5) Cases are described in which anaemia of the pernicious type is un- 
influenced by treatment given by any route , it is suggested that the marrow 
may be unable to utilize the hsematimc principle supplied to it 


IRON METABOLISM 1 IRON DEFICIENCY ANJLMIAS 

Body Iron — The body of an adult man contains about 4 5 g of iron 
which is distributed between four mam forms 
(i) Blood hcemoglobm, about 2 5 g (p 175) 

(u) Myohcemoglobm m varying amounts in led muscles 
(m) Intracellular enzymes containing iron-porphyrins, such as cytochrome, 
cytochrome-oxidase, catalase, and peroxidase (less than 0 1 g ) 

(iv) Iron bound with a special tissue protein called apoferritm (mol wt 
465,000) to form the tissue iron-storage compound, ferritin When fully 
saturated with iron, ferntin may contain 23% of its dry weight as iron 
This so-called “ storage ” iron may amount to I 5 g m all 

Myohsemoglobin, peroxidase, and catalase consist of distinctive proteins 
bound with the same porphyrin as is found m the haem of haemoglobin, 
namely iron-protoporphyrin IX , their molecular weights are respectively 
17,000, 44,000, and 225,000 (cf haemoglobin, 68,000) The striking differences 
in the properties of these compounds must depend on the protein part of the 
molecule Cytochrome and cytochrome-oxidase contain an lron-protoporphy- 
nn nucleus which differs from iron-protoporphyrin IX in the side chains 
which are attached to the pyrrol rings , the attached proteins are also 
different 

The functions of the tissue iron-porphyrins {i e (n) and (m) above) can be 
briefly summarized thus 

(l) Myohcemoglobm umtes loosely and reversibly with molecular oxygen 
Its 0 2 dissociation curve resembles that of a C0 2 -free haemoglobin solution, 
i e it is a rectangular hyperbola and is shifted well to the left (cf p 411) , 
it also resembles foetal haemoglobin m its behaviour (p 1099) It can thus 
take up 0 2 readily even at low 0 2 pressures, but only releases it when the 
tissue 0 2 pressure is very low It therefore serves as a small tissue 0 2 reserve 
for the needs of very vigorous muscular activity The properties of red and 
pale muscle are compared on p 587 , it is curious to note that although red 
i Gramck, Ann N 7 Acad Sci , 1947, 48, 657 Hahn, Advances in Biology and 
Medical Physics, 1948, 1, New York 
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muscles contain myohsemoglobm, they respond more slowly than pale and 
consequently develop tetanus at a lower peak tension 

(n) Peroxidase “ activates ” H 2 0 2 to oxidize suitable substrates 

(m) Catalase decomposes H 2 0 2 to form water and molecular oxygen 

(iv) Cytochrome and cytochrome-oxidase are concerned with oxidation 
processes m the tissues and electron transfer, and not, bke haemoglobin, with 
the transport of molecular oxygen 

Iron in Food — It may be deduced from what has been said above that 
animal foods contain iron m minute amounts which vary with the ferritin 
and blood content The approximate iron content m mg per 100 g of some 
common foodstuffs is meat (muscle) 3 5, liver 7 0, egg 2 5, cheese 1 5, 
herring and haddock 1 0, lentils and peas 5-7, oatmeal 4 0, bread 1 0, 
golden syrup 1 7, cabbage 1 0, rice and potatoes 0 5 The iron content of 
milk is low 

Iron Balance — (1) Adult Men — The intracellular iron-containing 
enzymes and myohsemoglobm are stable substances the iron of which cannot 
be" called upon for other purposes , blood haemoglobin on the other hand is 
continually undergoing destruction The iron content of haemoglobin is 
0 33% , thus 100 c c of blood containing 15 g of haemoglobin contain 50 
mg of iron As the red cells live about 100 days, 1% of the total blood haemo- 
globin, i e that contamed m 50 c c of blood is destroyed daily, releasmg about 
25 mg of iron It is essential to remember that for all practical purposes 
iron that has been absorbed from the intestine or~some parenteral route 
is not'subsequently excreted from the body, or only m negligibly small amounts 
Thus an adult man on an adequate iron intake only excretes (in the urine) 
0 1 mg daily Likewise, hardly any iron is excreted into the bile, and none 
by the mucosa of the alimentary canal It follows, therefore, that the iron 
which is released from the destruction of hEemoglobm, after being temporarily 
stored m the reticulo-endothehal system (presumably as ferritin) is used 
again for fresh haemoglobin synthesis It will be pointed out later that iron 
is'"absorbed from the food m the intestine with considerable difficulty, i e 
only a fraction of the food iron is actually absorbed into the body, the rest 
being passed out m the faeces It is, therefore, hard to say what iron intake 
is needed to provide any particular bodily iron need Whene ver iron loss 
exceeds iron absorption the blood haemoglobin falls, i e ansemia develops 
The food iron requirement of a healthy adult male (who is not suffering from 
any form of blood loss) is negligibly small , a food iron intake of 5 mg daily 
is adequate to maintain a normal state of the blood in such healthy men 

(2) Adult Women — The iron loss (and therefore the food iron needs) 
of women is greater because of ( 1 ) the blood loss during the monthly 
menstrual period, (n) the iron dram on the mother during pregnancy and 
labour 

(i) Menstruation — The monthly blood loss m one series of normal women 
varied between 6 and 180 c c , the average was 50 c c , corresponding to 
25 mg of hEemoglobm iron A group of women whose monthly loss was 
240 cc on an average (=120 mg of iron per month, or 4 mg daily) developed 
anaemia, because their food iron intake did not cover their iron loss Clinical 
evidence suggests that when the monthly menstrual blood loss exceeds 
140 cc (=70 mg of iron per month or 2 3 mg of iron daily) ansemia develops 
if the food iron content is below 7 mg daily (Fig 114) 
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Fig 114 — Hmmoglobm Values in Poor Population suffering from Iron Deficiency 

(Davidson and Fullerton, Edin med J , 1937, 45, 6 ) 

The results were obtained from a study of 28 “5 poor people in Aberdeen (ID 35) Many were families of 
unemployed , the diet contained on an average 7 3 mg of iron daily 

Note (i) the absence of amenua m adult males on on iron deficient diet, 

(ii) the development of antemia in infants of both seves during the first j ear of life with recovery 
before puberty , 

(ill) aggravation of the ansmla in girls and women after puberty, the nmomia being worse in 
pregnant women , 

(iv) recovery after the menopause 


(u) Ghildbeanng — Although menstruation is m abeyance, considerable 
non loss is taking place as shown by the following data 


Iron content of fetus at term 400 mg 

„ „ placenta and uterus 150 „ 

„ „ blood lost after delivery 170 „ 

„ „ milk during 6 months’ lactation 180 „ 


Total iron loss m 15 months (460 days) 900 mg 


Average daily loss 2 mg 


The mam iron demands on the mother occur m the last two months of 
pregnancy when the fetus and placenta are growing rapidly , tbs is followed 
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by the blood loss during labour 
nancy from iron lack (Figs 114 
and 115) 

(3) Growing Children — 
During the period of growth the 
blood musT_“ grow ” To "keep pace 
w ith the _rest of the body , a 
positive iron balance must there- 
fore be maintained to enable the 
necessary additional hsemoglobm 
to be formed The following data 
indicate the size of the problem 
At birth a baby weighs 3 kg 
(7 lb ) and contains 300 c c of 
blood , the total iron content of 
the body is 400 mg At one year 
it weighs 10 kg (21 lb ) and con- 
tains about 1000 c c of blood 
To produce the necessary increase 
m hsemoglobm and body iron a 


Ansemia commonly develops during preg- 
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Fig 115 — Development of Antenna in Women 
during Pregnancy and Progressive Re- 
covery after Delivery (Modified from 
Davidson and Fullerton, Edm med J , 
1938, 45, 9 ) 

Ordinate hEemoglobm % 


positive iron balance of 500 mg 

of iron is required (=13 mg daily) over and above the iron needed to 

compensate for normal wast- 

0 4 mg IRON daily a f Mackay’s data (Fig 100) 

vmw/mmmmwm/rnmm/m/mm. -n show that even when mother 
to ' ^ and infant are on a satis- 

£ 12 - >*- ^ factory diet the infant’s hEemo- 

^ - 8 ^ gl°bm level falls from a birth 

^ value exceeding 100 %, to 

^ BC r? 75% at 3 months , between 

^ - // ~ 7 4 6 ar| d 12 months it is 85% 

^ 8 - // - ^ Hsemoglobm formation can- 

^ ^ not, therefore , even under 

§ ~ / / ” 6 m g° 0( l circumstances keep pace 

^ 6 \ j / - 5 *j with the mcrease infplasma 

^ _\ jf _ 5 volume In families on a 

J 5 low iron mtake the infant is 

4 v ^ probably bom with poor iron 

— 1 — 1 — 1 — 1 — i — 1 — i — i — i — i — i — i — 4 reserves on which to draw, 

" 2 4 6 8 10 and it gets less iron in its 

nr r » f W t EKS t,o v diet , as a result the hsemo- 

C-IC. °e< 1ST SJpS- » progressively, 

1939, 9, 63 ) reaching a minimum at the 

The offspring of iron deficient mothers wero weaned at 3 6Rd of the first year (Fig 
weet3 and put on a milk diet Untreated rats died 114-7 Subseauentlv a s t.hp 

when the hasmoglobin fell to 3 g-% On adding iron (at *' ouusequenuy, as me 

n jib 10 “i°t (0 4 mg dally) rapid recovery occurred rate 01 growth slows down, 

0f< ^ por^c S P or 1°° cc , red cells in millions the blood picture improves 

steadily during childhood A 

fresh strain develops m girls with the onset of puberty and menstruation 
The problem can be studied experimentally in rats The mothers were 
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kept on an iron-free diet and the offspring after weaning were fed on milk 
The blood haemoglobin concentration steadily fell because while the a nim al 
was growing and increasing its plasma volume it was not making fresh 
haemoglobin (Fig 116) If the young rats or the anaemic children are given 
adequate amounts of iron, rapid recovery of the blood occurs 

Blood Iron — Iron is present m the blood in two forms ( 1 ) as hcemoglobm 
in the red blood cells , 15 g of haemoglobin per 100 c c blood corresponds 
to 50 mg of inorganic Fe , (n) as serum iron amounting to 0 05-0 18 mg-% 
(—50-180 ftg-%) , this is the form m which iron transport tabes place 
Serum iron is m the ferrous form and combined with a serum protein 
(^-globulin) Substantial changes in serum iron take place after ingestion 
of therapeutic doses of iron salts (p 209) , but under ordinary conditions 
of food intake the fluctuations in serum iron are slight 

Iron Absorption — (1) Food Iron — Very little is known about the 
changes which food iron undergoes m the alimentary canal It is believed 
that inorganic iron is split off from ferritin, but that the digestive juices 
cannot release the iron which is bound with the porphyrin molecule m the 
haem compounds of food Food may contam traces of inorganic iron salts 
if rusty knives or chipped enamel saucepans are used m the preparation 
and cooking of food , these may be a more important Bource of iron than is 
generally supposed Iron is absorbed m the ferrous form possibly m the 
stomach and certainly m the duodenum and upper small intestine , the 
presence of bile salts does not promote iron absorption The iron is taken 
up by the cells of the intestinal mucosa and combmed with apoferntm there, 
to form femtin, which releases its contained iron into the circulation as and 
when required for haemoglobin formation 

In normal adult males iron absorption is very small, as shown by the 
following iron balance experiments 

I Low Iron Intake (all data in mg for 14-day periods) 

Total iron m food 100 5 mg (7 1 mg per day) 

„ „ urme 1 3 mg (0 1 mg „ ) 

„ „ faeces 102 5 mg (7 3 mg „ ) 

In this experiment no iron was absorbed , all the ingested food iron was 
passed out in the faeces , the excess loss in the fasces may have been due to 
shedding of lining cells of the intestinal mucosa which contam iron 

II High Iron Intake (all data m mg for 14 days) 

Iron intake as food 110 6 mg 

„ „ medicinal iron 82 8 mg 

Total Intake 193 4 mg (13 8 mg per day) 

Iron loss m unne=l 5 mg (0 1 mg per day) 

Iron loss in fseces=187 3 mg (13 4 mg per day) 

Positive iron balance— 4 6 mg (0 3 mg per day) 

In this experiment only 0 3 or 0 3+0 1 mg of iron were absorbed daily 

It is found clinically that a total iron food intake of 10-15 mg daily is 
sufficient to maintain a normal state of the blood in all physiological states 
m women and children and is well above the minimal requirements of normal 
men 
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(2) Therapeutically administered Iron Salts — In cases of iron 
deficiency antenna, iron is administered in the form of inorganic salts The 
fate of the iron can be readily followed if it is administered m the radio-active 
form as 69 Fe* , its half-life is 47 days Fig 117 shows the effects of adminis- 
tering 84 mg of radio-Fe in a single dose by mouth to a dog Absorption 
sets in rapidly as proved by the appearance of radio-Fe in the serum within 
one hour , serum radio-Fe reaches its peak at 12 hours and falls to normal m 
24 hours Within 2 hours of ingesting the radio-Fe it begins to appear in the 
circulating corpuscles, proving that it has reached the bone marrow and has 
been used there in the manufacture of fresh hsemoglobm , the radio-Fe has 
been added to the body’s general iron reserve, le it has entered the body’s 



HOURS AFTER FEEDING 
Fig 117 — Absorption of Radio Iron (Fe*) 
from the Intestine and its Incorporation 
in Red Cells 

Ordinate percentage of total radio iron (Ee*) given 
by month found in plasma or red cells Dogs 
given single dose of 84 mg of radio iron by 
mouth (Whipple et al , J exp Med , 1939, 

69, 747 ) 

“ iron pool ” No distinction is subsequently drawn by the body between the 
newly absorbed iron and that previously present m the tissues 

The following factors influence the degree of absorption of iron salts 

(l) Ferrous (Fe ++ ) salts are more readily absorbed than feme (Fe+++) 
salts , m different experiments the ratio obtained was 1 5-10 0 of Fe++ to 
1 0 of Fe ++ + (Fig 118) 

(n) Absorption is independent of the secretion of HC1 by the stomach 

(m) Insoluble iron salts (e g ferrous phosphate) are not absorbed 

(iv) The absolute amount of any particular salt which is absorbed depends 
on the dose With minute doses the percentage absorption is high but tbe 
absolute amount absorbed is still minute , as tbe dose is increased the per- 
centage absorption progressively falls but the absolute amount absorbed is 
increased Thus the total iron content or the iron concentration m the 
bowel is an important factor m determining the total amount absorbed , and 
it is the absolute amount of iron absorbed which really matters 
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(v) With a given iron intake, a larger amount is absorbed in ancemic 
subjects than in normals Tins is well shown in Fig 119 

The explanation is obscure The rate of iron absorption may depend on 
the degree of saturation with iron of the apoferntin of the mtestmal mucosa 
In normal subjects the degree of saturation is high and the iron uptake is, 
consequently, small In anaemic states as the tissue “ reserve ” iron is 
drawn upon, food iron is more readily taken up by the relatively unsaturated 
apoferntin in the intestinal mucosa It is claimed also that when the iron 
intake is large, more apoferntin is synthesized m the mtestmal mucosa, thus 
facilitating further iron uptake 

Intravenously injected Iron Salts — Iron thus injected is not excreted 
by the intestinal mucosa from the blood into the lumen of the gut , it is, 
therefore, retained in the body, m the macrophages of the liver and spleen, 
throughout the spleen pulp, m the hepatic cells and, m traces, m the stomach 
and large intestine Theie is still uncertainty whether such stored iron can 
be called upon for haemoglobin formation , it can only be eliminated from the 
body very slowly, if at all 

Factors controlling Haemoglobin Formation 1 — (i) Quantitative 
Technique — Whipple’s standard ancemic dog is employed A normal dog 
weighing 10 kg has about 200 g of haemoglobin in the circulation The 
animal is bled weekly to reduce the total circulating haemoglobin each time to 
60 g During the first 6-8 weeks the dog seems to be able to mobihze un- 
identified reseives of haemoglobin to help to make good the deficiency, but 
these are finally exhausted Subsequently the amount of haemoglobm newly 
formed each 14 days is readily measured by determining the amount of 
haemoglobm that has to be removed to brmg the total m the blood down to 
the basal level of 60 g These studies show that m addition to iron, dietary 
protein is of great importance in the treatment of haemorrhagic anaemia 

(n) Role of Protein — A low protein intake retards haemoglobm regeneration 
even in the presence of excess iron , the bruit mg factor here is lack of globm 
Globin itself (in the food) is the protein which is used most economically m 
haemoglobm formation Some food proteins are less effective than others , 
thus bread and other cereals, dairy products, most vegetables and fruits, 
and salmon are relatively inert Liver, kidney, spleen, and heart are most 
potent, muscle occupying an intermediate position Though hver is of great 
value m the treatment of haemorrhagic anaemia m dogs, it seems to have no 
such exceptional efficacy m haemorrhagic anaemia m man Studies with 
amino-acid mixtures show that the usual essential ammo-acids are needed 
for haemoglobin formation 

(m) Role of Porphynns — The porphyrin content of the diet is unimportant 
as it is readily synthesized 

(iv) 1 Role of Iron — See pp 205 et seq 

(v) Role of Bile — If a bile fistula is estabbshed so that all the bile escapes 
to the exterior, the rate of haemoglobm formation is halved , the administra- 
tion of bile daily by mouth is, however, without effect Iron salts given by 
mouth to these animals produce half the expected new haemoglobm formation 
The mode of action of a bile fistula is obscure it is associated with impaired 
hver function and diminished globm formation 

i Whipple, Atner J med Sci , 1938, 196, 609 , Whipple et al , J exp Med , 1946 
82 311 , tbid„ 1947, 86, 243 
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Fig 118 



Fig 119 

Figs 118 and 119 — Absorption of Radio active Iron m Normal Person and in Patient 
mtli Hypochromic Microcytic Amentia Ferrous iron is more readily absorbed than 
Ferric Iron Iron is more readily absorbed m Ansemic Patients than in Normal 
Persons (Moore et al , J dm InvcsUg , 1944, 23, 762, 764 ) 


Initial red cell count per c mm 
Initial Iromoglohin g / xoo cc 
Amount of radio Fc +++ given In mouth as FcClj 
Fraction of total dose of radio-Fo ++ ' t ' found in circulating red cells 
Amount of radio Fo ++ given by mouth ns reCl 2 
£ ^ v,°? 2S dose of radio Fo ++ found in circulating red cells 
Labelled Fc —radio active Iron 
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At th» beginning of February the anrcmic patient was given Intensive Iron therapy , the red i 
hamoglobin concentration rose in about 4 weeks to 4 5 million and 12 g-% respectively 


the red cell count and 
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Iron Deficiency Anaemia — Iron deficiency anaemias are of the micro 
cytic hypochomic type (p 168) , the cell diameter and volume are below 
average and the cells are poorly filled with haemoglobin Both red cell count 
and haemoglobin values are lowered, the latter to a greater degree than the 
former The marrow may show normoblastic hyperplasia 

As is evident from the discussion on pp 205 et seq , iron deficiency anaemia 
occurs (i) in infants and young children , (n) m women during active 
reproductive life , (in) in anyone who suffers severe blood loss The co-exist- 
ence of factors which inhibit haemoglobin or red cell formation aggravates 
the anaemia The following complications commonly occur 

(l) The presence of infection 1 this is especially important in infants, m 
whom an attack of bronchitis, otitis media, or pyrexia from any cause may 
lower the blood haemoglobin level, sometimes even when iron is being medicin- 
ally administered at the same time (Fig 120) 

(n) An unsatisfactory diet, especially one which is lacking in (a) protein, 
which is needed for globm formation, or (b) vitamins the lack of vitamins 
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IRON THERAPY NO INFECTION 

PERIOD OF INFECTION 


Fig 120 — Effect of Infection on Hwmcgiobin Level in Infants (Davidson and Fullerton 

Edm med J , 1938, 45, 12 ) 


may lead to an unhealthy state of the alimentary canal which depresses 
absorption of the foodstuffs and may also impair the tissue mechanisms 
which are involved in haemoglobin synthesis Achlorhydria is said to interfere 
with the proper absorption of food iron (though it does not affect the absorption 
of the rapeutic iron salts) 

(in) In pregnancy the formation of intrinsic factor may be impaired, 
leading to development of a macrocytic anaemia (Fig 115) In addition, the 
blood haemoglobin concentration may be lowered because of an increase m 
plasma volume 

Pure iron deficiency anaemia is cured by giving adequate doses of suitable 
iron salts These doses are enormous compared with the normal iron intake 
in the food (Fig 121, A) The amount of medicinal iron utilized for fresh 
haemoglobin formation can be readily calculated from the rate of rise of the 
total blood haemoglobin content which optimally is 1 5 g (=5 mg iron) daily 
Such a rate of blood improvement may occur on giving 1200 mg (90 grams) 
of Fe(NH 4 )Citrate daily , the iron utilized in this instance is under 1% of 
the iron administered The optimum utilization rate with Fe(NH 4 ) Citrate 
is 3% compared with 20% for ferrous sulphate 

Iron therapy acts not only by supplying an essential raw material but it 
1 Wintrobe et oX , J elm Investig , 1947, 26, 103, 114, 121 
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also stimulates the red marrow to make fresh cells and haemoglobin Even in 
normal subjects iron medication may increase the blood haemoglobin level, 
but this increase is transient, the blood returning to its ongmal state m 
spite of continued treatment (Fig 121, B) 

Adjuvant Action of Coffee 1 — In mammals copper is related to blood 
formation 2 Iron-deficiency anaemia m rats (Fig 116) is not cured by 
absolutely pure iron salts If 0 05 mg of copper, together with 0 5 mg of 
iron are added to the daily ration of milk, rapid cure occurs A normal 
mixed diet contains adequate amounts of copper Most medicinal iron salts 
contain some admixture of copper, but less than the optimum for the cure 
of anaemia, e g only 0 02 mg of copper per g of iron salt 



0 Z 4 6 8 10 12 14 16 18 20 22 24 26 28 

WEEKS 


Fiq 121 — Effects of Iron Administration on Blood Haemoglobin Concentration m Man 

In both A and B, 1 g of iron was administered daily throughout the 28-week period Ordinate represents 
increase in hemoglobin concentration per 100 cc of blood The total increase m blood htemoglobln in g 

is obtained by multiplying the value on the ordinate by I?*.?.?-??-) olume > e g -5222=50 

100 100 

A -Results in group of cases of iron deficiency ancemia Maximal improvement occurs after 10 weeks 
there is a small subsequent decline 

B Results in group of subjects with low normal hemoglobin There is a smaller initial rise n hasmoglobra 
concentration , then in spite of continued iron administration the h®moglobm concentration falls to 
its initial value (Fowler and Barer, Amer J med Sci , 1941, 201, 048 ) 


The mode of action of copper is unknown , it may be related to the 
building up of iron into haemoglobin 

Some clinicians claim that better results are obtained m cases of hypo- 
chromic anaemia if copper is given together with iron (m the ratio of copper 
to iron of 1 to 100) than with iron therapy alone 

Hcemochromatosis 3 — In this disease there is an excessive deposition of 
iron m all the organs (especially m the liver and pancreas), as brown granules 

j Elvehjem, Physiol Rev , 1936, 15, 471 

Copper is widely distributed iq organic matter and is found m minute traces m sea 
water, as is shown by the folio vmg data Sea water, lXlO 11 , plants, 3-40x10®, 
blood of marine animals, 3-23 X 10 s , brain, 3-6 X 10 ® , milk, 2-5x10 7 The blood of 
Purine animals contains an oxygen-carrying pigment called hoemocyanin, which contains 
® /o °f coppor , the copper acts m the same way as the iron m Irem, and there is a 
quantitative relationship between the amount of copper and th _ — — - - — , 

B ? i Soared pigment (turacm) has been obtained from the ~- 

blf a ™°, turac °. an( i contains 7% of copper , turacm is a copper-porphyrin (cf p 174) 
^eldon, Hcemochromatosis, London, 1935 Gramck, Bull N T Acad Med , 1949, 
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of hcemosidertn, a compound resembling /ernitn (p 204) , as a result the tissue 
cells are damaged and undergo fibrosis An iron-free pigment — hcemofuscm 
— is also deposited The pathological accumulation of iron may sometimes 
be due to a primary abnormality of the intestinal mucosa, leading to excessive 
iron absorption from the gut In one patient with haemolytic anaemia who 
received about 200 blood transfusions, the released iron was deposited in the 
tissues, causing fatal hmmochromatosis 


THE WHITE BLOOD CORPUSCLES 


The white blood corpuscles (leucocytes) are divided into three 
groups 

(1) Granulocytes (10-14 /i) characterized by the presence of granules m the 
cytoplasm, and a lobed nucleus Usmg Leishman’s stain, three types of cell 
can be recognized by the character of their granules neutrophil (or poly- 
morphonuclear leucocytes) with fine red-brown granules , eosinophil, 
crammed with large red granules , and basophil containing purple-blue 
granules The nuclear chromatin of this group of leucocytes is coarse and 
“ropy” (Plate III) 

(2) Lymphocytes (small, 7-10 ft , large, 10-14 ft) these are round non- 
granular cells with large round nuclei which practically fill the cell substance 
They are divided into large and small lymphocytes The nuclear chromatin 
is coarser and “ lumpy ” (Plate IV ) 

(3) Monocytes (10-18 ft) this is a convement term used to describe a 
group of cells which are ill understood and suffer from a multitude of labels 
The group includes the mononuclear cells, hyaline, and transitional cells 
among others They are large pale cells with a pale-staming round or indented 
eccentric nucleus, the chromatin of which is finely reticular and non-granular 
protoplasm Representative monocytes are depicted m Plate IV 

Normal Count 1 — The normal range of the white cell count is 4000- 
11,000 per c mm Considerable variations between these limits may occur 
in the same individual from day to day, from hour to hour, and even from 
minute to minute The count is made up approximately as follows granulo- 
cytes 70% (neutrophils 50-70, eosinophils 1-4, basophils 0-1), lymphocytes 
20-40, monocytes 2-8% (In children neutrophils are about 10% less and 
lymphocytes about 10% more than m adults ) Representative absolute 
numbers of the diffeient cells per c mm might be as follows neutrophils 
3000-6000, eosinophils 150-400, basophils 0-100, lymphocytes 1500-2700, 
monocytes 350-800 

An increase in the white count may be produced by exercise or the 
injection of adrenaline The leucocytosis alleged to be induced by meals 
probably represents nothing more than the normal random fluctuation 
The white count rises during the latter months of pregnancy and reaches its 
peak (about 17,000 per c mm ) -with the onset of labour 2 

It may be supposed that stores of white cells exist in various parts of the 
body, and they may appear and disappear from the circulation with great 
rajnditv under various circumstances 


i Garrey and Bryan, Physiol Rev , 1935, 15, 597 

s Nordenson, Quart J Med , 1939, 8, 311 Sturgis and Bethell, Physiol Rev , 1943, 23, 
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In new-born infants tbe white count is about 20,000 per c mm , after 
the second week it begins to decbne (Fig 122) During infancy tbe lympho- 
cyte is the predominant blood cell, constituting 40-50% of the count 

Development of White Corpuscles — In the embryo the white cor- 
puscles develop in the mesoderm and migrate secondarily into the blood 
vessels In extra-uterine life the granulocytes develop normally exclusively 
in the red marrow , the lymphocytes and monocytes also develop to a slight 
extent m the marrow, but their mam site of origin is m the lymphoid tissues 
of the body (Plates III and IV) 

Granulopoiesis 1 — The process can be well studied in the artificially 
simplified marrow of a pigeon or rabbit.(p 163) Myeloid activity is best seen 



Fia 122 — Red and White Cell Count from Birth to 12 years of age 
(Whitby and Britton, Disorders of the Blood, Churchill ) 


at the periphery of the marrow m close proximity to dilated sinuses, and is 
wholly an exit a-vascular process (Fig 123) Between the fat cells, branched 
reticulum cells can be seen — irregular m outline, free from granules or mito- 
chondria, and with faintly basophil cytoplasm These cells multiply by 
mitosis to give rise to the primitive white blood cell the nucleus is large and 
spherical and surrounded by a thin rim of basophil protoplasm The stages 
m the development of each type of granulocyte are primitive white cell 
myeloblast, myelocyte A or premyelocyte, myelocyte B or myelocyte proper,' 
myelocyte C or metamyelocyte, leucocyte These cells may all be identified 
m stained marrow smears obtained from sternal punctures in man and they 
show the typical, successive changes of maturity (p 164) 

\ Doan, Cunningham, and Sabin, Contribution to Embryoloqy, Carnegie Publications 
1925, 16, 227 Blackfan, Diamond, and Leister, Atlas of Blood in Children, N Y , 1944 ’ 
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Myeloblast (12-18 /i) — Tins cell develops from the primitive white cell , 
the nucleus is pale purple-blue, large and round with finely stippled chromatin 

and several nucleoli The 
cytoplasm consists of a narrow 
blue nm without granules 
Myelocyte (12-18 p) — 
These cells are characterized 
by the appearance of granules 
in the cytoplasm Using 
Leishman’s stam, the myelo- 
cytes may be classified accord- 
ing to the colour of their 
granules into neutrophil (most), 
eosmophl, and basophil (very 
scanty) The cytoplasm of 
the myelocytes as a whole is 
more extensive and less baso- 
philic, the nucleus is smaller 
and more basophilic, the 
nucleoh have disappeared 
and the chromatin is coarser 1 
(See Plate III ) 

If vital staining is em- 
ployed (Janus green and 
neutral red) three stages in 
the development of each 
variety of myelocyte may be recognized — types A, B, C, according to 
the number of granules which are present Type A (the youngest, or 
1 Chromatin detail (usually ignored in histology classes) gives hrematologists valuable 
help m identifying atypical cells 


Key to Plate III 

MATURATION IN MYELOID SERIES 

I~3 Myeloblasts 

4 Myelocytes type “ A ” or premyelocytes 
5-7 Myelocytes type “ B ” 

8 Myelocytes type “ 0,” metamyelocytes or late myelocytes 
9, 10 Eosinophil myelocytes 
11, 12 Basophil myelocytes 

13 Young neutrophil also called early, band form, or non-segmented neutrophil nucleus 
is condensed and beginning to lobulate 

14 Adult neutrophil nucleus has two lobes 

15, 16 Adult neutrophils nucleus has three lobes 

17 Adult neutrophil nucleus has four or more lobes 

18 Aging neutrophil nucleus has multiple lobulation Cytoplasm contains sparser 
granules and some vacuoles 

19, 20 Degenerated neutrophils old and fragile cells disrupted m smearing process 
21, 22 Adult eosinophils nucleus usually has two or three lobes , is filled with typical 
granules 

23 Aging eosinophil old and fragile cell disrupted in smearing process 
24, 25 Basophils nucleus usually has two or three lobes Cytoplasm is generally filled 
with very large blue-black granules 

Reproduced from Plates II and m, Blackfan, Diamond, and Leister, Atlas of the Blood, The Common 
wealth Fund, New York, 1944 



Fig 123 — Granulopoiesis m Bone Marrow 
Marrow of Pigeon Zone of granulopoiesis 24 
hours after feeding following hypoplasia in- 
duced by starvation Vessels injected with 
Indian ink Practically every vessel in the field 
is widely dilated and well filled with ink In the 
mtervascular spaces are numerous myelocytes 
(Doan, Cunningham, and Sabm ) 
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premyelocyte) contains a few grannies staining with neutral red and many 
mitochondria , type C (the oldest, or metamyelocyte ) contains many granules 
staining with neutral red and few mitochondria, type B (the myelocyte 
proper) is intermediate Cells may similarly be classified in smears stained 
with Leishman 

Leucocytes — Each type of metamyelocyte gives rise to the corresponding 
leucocyte (neutrophil, eosinophil, and basophil) , the nucleus indents, and 
then becomes lobed , the granules, in fresh preparations (on a warm stage) 
instead of bemg motionless, show dancing or streaming movements, and the 
cytoplasm becomes more liquid, so that amoeboid movements occur The more 
mature white cells are found lying just external to the sinusoids, and pass 
actively through the intact endothelial lining of these vessels into the circulation 
Senile leucocytes lose their motility, the granules are still and no longer 
stam with neutral red , the cells break up readily in films, and the nucleus 
can be seen lying free, surrounded by faintly staining granules As a 
leucocyte ages the complexity of the nuclear lobulation increases , thus a 
very young leucocyte has a horseshoe-shaped nucleus, while an old cell may 
show four or five lobes joined together by very famt strands of chromatin 

According to Sabm, “ showers ” of senile granulocytes can be seen several 
times a day m the circulating blood, when they may constitute 30% of 
the granulocytes As the senile cells probably undergo rapid destruction, 
these findings suggest that the granulocytes function for only a day or 
two m the blood stream This may be correlated with the fact that 75% 
of the cells of normal marrow are myeloid and only 25% are erythroid, 
although the ratio of white to red cells in the blood is about 1 1000 In 

regenerating animal marrow the percentage of cells per 100 myeloid cells 
counted, is as follows neutrophil myelocytes — type C, 86 , type B, 4 , 
type A, 0 4 , eosinophil myelocytes, 2 5 , basophil myelocytes, 1 , myelo- 
blasts, 1 , polymorphs, 5 It will be noticed that the predominant cell is the 
most mature, type O myelocyte ( metamyelocyte ), i e the immediate precursor of 
the mature leucocyte With sternal marrow smears in man, the proportion of 
myelocytes is lower and that of mature neutrophils higher, owing to admixture 
with peripheral blood 

In aplastic anaemia atrophy of the myeloid (as well as the erythroid) tissue 
in the red marrow usually occurs and the granulocyte count in the circulating 
blood is very low If a large transfusion is given the granulocyte count rises 
temporarily, but returns to its previous low level m less than 12 hours This 
observation supports the conclusions of Sabm about tbe short life of the 
granulocytes If blood is kept in a vessel outside the body the granulocytes 
die m a few hours, as is proved on examination of the white cells on the 
warm stage If these dead cells are transfused they are removed almost 
instantly from the circulation 

Under certain circumstances, the reticulum cells m the spleen, instead 
of giving nse to lymphocytes or monocytes, may give rise to the myelocyte 
series of cells (p 225) 

The Lymphocytes — Development — Normally the lymphocytes are 
formed chiefly m the lymphoid tissues of the body, i e lymph nodes, spleen, 
thymus, tonsils, Peyer’s patches [aggregated lymphatic nodules] in the 
intestine, and only to a minor extent in the bone marrow In conditions 
associated with lymphocytosis and m lymphatic leukemia the marrow 



218 


LYMPHOCYTES 


lymphocytes become numerous and overshadow the other types of white 

CGJLiS 

The details of the development of lymphocytes in lymphoid tissue are 
as follows In tne centre of the lymphatic nodules is the germinal centre 
consisting of reticulum cells some of which differentiate and proliferate to 
form large cells with pale nuclei called lymphoblasts (Plate IV) These are in- 
distinguishable histologically from myeloblasts They divide to form large 
lymphocytes, and they in turn become condensed in size to form small lijm- 
phocytes The lymphocytes form a more deeply staining zone at the periphery 
of the lymphatic nodules They leave the gland m the efferent lymphatics 
and ultimately enter the circulation via the thoracic and right lymphatics 
ducts If the thoracic duct is brought out to open on the surface, there is a 
substantial diminution m the number of circulating blood lymphocytes The 
total number of lymphocytes entering the thoracic duct m the course of a 
day is about two and a half times as great as the total number present m the 
blood stream at any one time 1 This suggests that the life of the lymphocytes 
in the circulation does not exceed a few hours The lymphocytes formed in the 
bone marrow pass directly into the circulation 

Fate and Functions of Lymphocytes — There is much doubt about 
the site of destruction of the lymphocytes , one view is as follows The 
germinal centres of the lymphoid nodules are not only concerned with 
lymphocyte formation but also contain many macrophages filled with frag- 
ments of dead lymphocytes , it is suggested, therefore, that the lymphocytes 

1 Yoffey, J Anal , 1933, 67, 250 


Key to Pirate IY 

MATURATION IN LYMPHOID, MONOCYTE, AND THROMBOCYTE SERIES 

1 Lymphoblast 

2 Large or young lymphocyte cytoplasm is fairly clear bine 

3 Large {adult) lymphocyte oytoplasm is fairly abundant and is clear light blue, con 

taming several to many largo reddish granules towards the periphery of the cell 

4 Medium lymphocyte 

5 Small or adult lymphocyte 

6 Erythrocyte, for comparison of size 

7, 8 Large lymphocytes of the type most frequently in infectious mononucleosis Nucleus 
is dense with some fenostration of chromatin, and is often eccentrically placed 
Cytoplasm is abundant, with irregular edge , it is clear light blue, donser at the margin 

9, 10 Lymphocytes of plasma cell type Nucleus is eccentrically placed, darkly staining 
with dense chromatic clamps often in cartwheel arrangement Cytoplasm is abundant, 
dark blue with clear areas near nucleus, and stains more densely at the periphery , it 
often has a foamy appearance 

II Monoblast 

12-15 Monocytes Occasionally there are vacuoles, evidence of active phagocytosis, at 
the periphery of the cytoplasm (as in 15) 

16 Mononuclear phagocytes, endothelial phagocytes or clasmatocytes, the largest cells 
ordinarily found in the peripheral blood Cytoplasm is finely granulated and 
contains many vacuoles of all sizes, often filled with ingested material 

17 Erythrocyte, for comparison of size 

18 Megakaryocyte and Platelets ( thrombocytes ) Cytoplasm is light blue with dark purple 

masses of granules and no visible cellular membrane , it is here seen to trail in l°ug 
pseudopodia from whioh masses of platelets break off and are scattered as individual 
platelets ’ 

Reproduced from Plates IV and V, BhcMan, Diamond, and Leister, Allas of the Blood, The Common 

wealth Fund New York 1944 
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return via tlie blood (or the lymphatics) to the lymphoid tissues where they 
are destroyed 

Extracts of lymphocytes contain y-globulin, which is the plasma protein 
fraction conta inin g the immune bodies, i e the substances concerned with 
protection agamst infections (p 137) The dissolution of the lymphocytes 
thus discharges immune bodies mto the efferent lymphatics and so into the 
circulation The lymphoid tissues hypertrophy in the conditions enumerated 
on p 1017 , they atrophy early and markedly m starvation 

Monocytes — A separate Ime of development of the primitive white cell 
in the marrow and in lymphoid tissues gives rise successively to monoblasts 
and monocytes (Plate IV) Premyelocytes may closely resemble monocytes 
but can be distinguished by the peroxidase reaction The myeloid family in 
general contains a 'peroxidase which reacts with hydrogen peroxide and 
benzidine, when these are poured on to a film, to give blue cytoplasmic 
granules , the enzyme is absent from the monocytes which therefore show 
no such granules It must be noted, however, that even m the case of granulo- 
cyte series the enzyme does not appear before the premyelocyte stage , the 
peroxidase stain cannot therefore distinguish between myeloblasts and 
monocytes or between myeloblasts and lymphoblasts 

The circulating monocytes are actively phagocytic and can ingest foreign 
particles such as pigment and blood protozoa , they are possibly destroyed 
by the macrophages of the tissues 

Changes in White Cell Count in Disease — An increase m the total 
circulating leucocytes above 11,000 per c mm is known as leucocytosis , a 
decrease below 4000 per c mm is a leucopema A differential leucocyte 
count enables the percentage and absolute numbers of the different varieties 
of white cell to be determined The absolute figures are far more important 
than the alterations m the relative proportions According to the type of 
cell involved, a leucocytosis may be described as neutrophil, eosmoplnl, 
or basophil leucocytosis, lymphocytosis, or monocytosis Leucopema is 
generally due to a neutropema, i e a decrease in the neutrophil cells 

Neutrophil Leucocytosis occurs m many inflammatory conditions, for 
example, in pneumoma, endocarditis, and pyogenic infections The neutro- 
phils may number 20,000 or 40,000 or even 150,000 per c mm , and constitute 
90-95% of the total white count Great multiplication of the myelocytes 
occurs in the marrow, and leucocytes are discharged mto the blood stream 
m enormous numbers There is naturally an increase in the proportion of 
young leucocytes m the circulation , this is known as “ a shift to the left ” 
Eosinophilic Leucocytosis occurs m infections with parasitic worms, 
a o er gm conditions (hay fever, asthma), scarlet fever, and many skin 
diseases The marrow shows great proliferation of the eosmophil myelocytes 
tue level of circulating eosinophils is regulated directly by the adrenal 
corticoids and indirectly by ACTH This subject is fully discussed on 
PP 951 et seq 

Absolute Lymphocytosis is comparatively rare , the relative number 
or percentage of lymphocytes is of course decreased in any condition of true 
granulocytosis and it is increased when there is an absolute decrease m the 
granulocytes, as m enteric infections and many chrome anaemias Beyond 
m mating a neutropenia these percentage changes are of no significance 
ecause the total lymphocyte count is unaltered Absolute lymphocytosis is 
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a normal phenomenon in infants and occurs in certain diseases like whooping- 
cough and glandular fever Lymphocytes predominate m the tissue response 
to the tubercle bacillus, and are found surroundmg mahgnant tumours In 
conditions of lymphocytosis, hyperplasia of the red marrow occurs, and 
lymphocytes form the predominant element found there histologically 1 
In infectious mononucleosis the total white count rises, e g to 12, OOOperc mm 
and 50-70% of the circulating cells may be abnormal-looking mononuclear 
cells probably atypical lymphocytes Monocytes are mcreased in some 
virus diseases and m protozoal infections such as malaria 

Control of Leucopoiesis 2 — Comparatively httle is known about the 
factors responsible for the maturation of the white blood cells or those which 
regulate their discharge into the circulation Some of the factors regulating 
granulopoiesis will be considered here Sabm observed that following the 



Fig 124 — Effect of Nucleotide Injections on the Bono Marrow of the 
Normal Babbit (Doan, J Amer med Assoc , 1932, 99 ) 


A — Normal marrow from upper end of tibia removed at biopsy prior to injections 
B — Marrow from upper end of opposite tibia removed after 5 dally Injections of 
nucleotide (0 35 g each) Note the decreaso in the fat Bpaces and the increase in 
celluiarity which is due to hyperplasia of the myeloid cells 

appearance of showers of semle granulocytes m the circulating blood numerous 
young motile cells could be found It was suggested that some product of 
granulocyte disintegration stimulates the turmng-out of new cells from 
the marrow, the normal count thus being maintained As nucleic acid 
is an important constituent of all nuclei, observations were made on the 
effects of injecting this substance and its derivatives into normal animals 
Sodium nuclemate, pentose nucleotide (which is normally present m blood), 
adenylic or guanyhc acid, adenine and guamne salts all induce a marked 
neutrophil leucocytosis and no toxic effects The condition can be kept up 
for many weeks , no immature forms appear m tbe blood The red marrow 
shows intense myeloid hyperplasia (Tig 124), and new centres of white cell 
formation may appear m the spleen or kidney Pentose nucleotide has been 
used m the treatment of agranulocytosis (p 222) , it is uncertain, however, 
whether any members of this group are concerned with the normal control 
of granulopoiesis 

1 In the leukmmias, primitive white cells appear m the circulating blood 
8 Doan, J Amer med Assoc , 1932, 99, 194 
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Inflammatory exudates m mammals and man contain protein constituents 
winch influence white cell formation 1 A pseudo-globulin which is a leuco- 
cytosis-producmg factor has been isolated , when injected into ammals it 
causes great extension and hyperplasia of the myeloid tissue m the marrow 
and a discharge of granulocytes into the circulation, leading to an increase 
up to fourfold in the circulating leucocytes, many of which are young cells 
It is likely that this globulin plays a part in the normal response of the bone 
marrow to infections Another agent, a polypeptide, has been isolated from 
inflammatory exudates which induces a transient leucopema when injected 
into dogs The way m which the leucocytes disappear is not clear, but it is 
assumed that they are “ trapped ” in various organs, % e the lungs, the liver. 
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Fig 125 — Treatment of Agranulocytosis with Nucleotide (Doan, J Amer med 

Assoc , 1932, 99 ) 

W= absolute numbers of granulocytes and their precursors ( = myeloid cells) per cmm M = 
myelocytes shown as a percentage of total myeloid cells 
Note the initial increase m the myelocyte count which heralds the increase m granulocyte count 


and especially the spleen (perhaps accounting for the enlargement of the 
spleen m certain inflammatory states) It is probable that the white cell 
changes m the marrow and blood in inflammation depend largely on the 
nature of the products absorbed from the affected tissues (p 223) 

Agranulocytosis 2 — In this disease the circulating granulocytes greatly 
decrease in number or almost completely disappear , the lymphocytes are 
unaffected Agranulocytosis is often due to the toxic action of drugs, e g , 
sulphonamides, amidopyrm, arsphenamme, gold or thiouiacil The patient 
is usually gravely ill and shows severe throat infections , commonly there is 
bacterial invasion of the Hood which may be the cause of death Examina- 
tion of the marrow proves that there is failure of granulocyte formation In 
some oases ( aplastic type) myeloid cells are not visible m the marrow, and no 
differentiation of the reticulum cells is taking place , this group is at present 

1 Menkm, Dynamics of Inflammation, 1940 , Amer J Path , 1943, 19, 1021 
las? an< * Wiut by, Lancet, 1935, i, 205 Israels and Wilkinson, Quart J Med, 

t Oj oo 
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not amenable to treatment In others, myeloid development proceeds as far 
as the myeloblast or myelocyte stage, but mature granulocytes are not J aimed 
and are therefore not delivered mto the blood (compare the imperfect matura- 
tion of the megaloblasts m pernicious anmmia (p 196)) In some cases of the 
second group, the injection of nucleotide leads to an active response on the 
part of the marrow and finally to a restoration of the granulocyte count to 
normal During the first few days of treatment immature cells (myeloblasts 
and myelocytes) appear temporarily m the blood stream (forming up to 15% of 
the granulocyte count) , this is followed on about the fifth day by the entrance 
of young granulocytes and later of mature granulocytes into the blood and 
by an increase in the total white count (Fig 125) The heralding of impending 
improvement by the transient appearance of immature white cells resembles 
the reticulocyte response seen in cases of pernicious ansemia treated with 
liver , this likewise precedes the rise of the red cell count Nucleotides and 
related substances thus promote the maturation of the granulocytes in this 
disease, as well as stimulating the myeloid cells to proliferate more rapidly 
m normal subjects 1 The associated infection is treated with a suitable drug, 
e g penicillin 

Inflammation 2 — The cardinal features of inflammation are local heat, 
redness, swelling, and pam The rise of temperature is due to increased 
blood flow from arteriolar dilatation , the redness is due to capillary dilatation , 
the swelling is due to excessive exudation and accumulation of protem-nch 
fluid from the more permeable vessels m the tissue-spaces ( inflammatory 
oedema ) The vascular changes are due to products of tissue damage or of 
bacterial disintegration or toxins The outflow of protem-nch plasma carries 
the protective immune bodies (associated with the y-globuhns) out of the 
blood to combat the organisms or their toxins m the tissues , among these are 
antibacterial and antitoxic substances, agglutinins (which clump the bacteria 
together) and opsonms (which prepare the bacteria for ingestion by phago- 
cytes) At first, because of the arteriolar dilatation, the blood courses rapidly 
from the arteries to the veins With progressive capillary dilatation and 
local hmmoconcentration the blood stream is increasingly slowed The 
corpuscles at first remain in the centre of the capillary as an axial stream , 
but the leucocytes somehow become adherent to the capillary lining and are 
prevented from bemg swept on They soon pass out through the seemingly 
intact capillary wall ( diapedesis ) and escape into the crevices of the tissues, 
where they wander about 

According to Menkm 3 all the phenomena of inflammation are due to 
specific agents which are released from the tissues, which have been injured 
by the bacterial toxins , he probably underestimates the part played directly 
by bacterial toxins on the blood vessels, blood-forming tissues, and the organs 
generally 

(i) Menkm believes that a diffusible chemical substance which attracts 
the leucocytes is hberated from the dead tissue cells and the dead bacteria , 
he has isolated from inflammatory exudates a polypeptide ( leucotaxme ) which 
exerts a chemical attractive influence (chemotaxis) on the granulocytes 

1 A marked decrease m the granulocyte count may result from excessive destruction 
of these cells m splenic overactivity {“ hypersplemsm,” p 229) 

2 Me nkm , Physiol Rev , 1938, IS, 366 , Arch Path , 1943, 36, 269 

2 Menkm, J exp Med , 1938, 67, 129 et stq 
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causing them to migrate out of the capillaries , it also increases capillary 
permeability A similar substance is present in tryptic digests of serum , 
leucotaxine may therefore represent an intermediary product of tissue- 
protein hydrolysis 

(n) Probably bacterial toxins have similar actions 

(ni) The bacteria in the tissues are dealt with by the leucocytes and the 
antibodies which have exuded from the plasma The debris is liquefied and 
finally removed by tissue scavenger cells (monocytes, histiocytes) 

(iv) As was explamed on p 221, Menkm claims that a leucocytosis 
producing factor passes from the site of infection into the blood stream to 
stimulate the myeloid tissue in the red bone marrow , a leucopemc factor is 
alleged to cause the “ trapping ” of circulating leucocytes According to the 
nature of the infection, the proliferation of different kinds of white cells in the 
bone marrow is stimulated and different cells are “ trapped,” leading to a 
characteristic white cell picture m the circulating blood , similarly, different 
types of cells pass out of the blood vessels into the inflamed area 

(v) Two other agents described by Menkm may be released from damaged 
tissues at the site of infection necrosm, which further damages the tissues 
locally and when it enters the general circulation damages organs elsewhere , 
purexm, which disturbs the temperature-regulating mechanism and induces 
fever (p 480) 


THE SPLEEN 1 

Structure of the Spleen — The spleen is covered by a capsule which 
contams fibrous tissue and unstnped muscle These plain muscle fibres 
contract at regular intervals (several times per minute) squeezing blood out 
of the spleen and thus driving it on towards the hver The arteries pass in 
at the hilum surrounded by connective tissue, and soon divide repeatedly , 
the smaller branches become surrounded by a mantle of lymphoid tissue 
which swells out m places to constitute larger nodules, the Malpighian 
corpuscles ( bodies ) These are scattered fairly uniformly through the substance 
of the organ and usually have a vessel in close relation to them The inter- 
vening tissue or splenic pulp consists of a framework of fibres derived from the 
fibrous trabeculae which pass m from the capsule and accompany the incoming 
arteries 

The special cells found in the pulp are (Pig 126) 

(a) Large amoeboid phagocytic cells which are part of the macrophage 
(reticulo-endothehal) system , ( h ) reticulum cells winch show characteristic 
responses in various pathological states (p 161) , (c) a few giant cells 

Vascular Arrangements — There is still considerable uncertainty about 
the vascular arrangements m the spleen , Kmsely’s views are as follows 
after passing through the Malpighian body the small artery breaks up into 
a bunch of arterioles with well-developed muscular coats which constitute 
the afferent sphincter , the arterioles lead into a network of intercommunicat- 
ing capillaries or sinuses which dram mto collecting venules, and then into 
small veins At the junction of sinus and venule there is a further aggrega- 
tion of circular muscle fibres which constitute the efferent sphincter Some 

1 Pearce, Krumbhaar, and Frazier, Spleen and Anaemia, Philadelphia, 1918 Barcroft, 
Lancet, 1926, i, 319 Exirmbhaar, Physiol Be v , 1926, 6, 160 


\ 
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workers believe that there is free communication through apertures of varying 
size between the blood in the sinuses and venules with the intenor of the 
pulp Pig 126 illustrates this view and shows the pulp packed with red cells, 
many of which have been taken up by macrophages , it also shows the free 
passage of blood cells from pulp to venules and from venules to pulp Krusely, 
from his studies of the living spleen, beheves, on the contrary, that the 
endothelial lining of the splemc smuses and venules is quite intact and 

that under normal conditions 
blood cells cannot pass out 
into the pulp He describes 
the following remarkable 
variations in the blood flow 
through the smaller splenic 
vessels (Fig 127) (but it 
must be emphasized that 
his findings still lack inde- 
pendent confirmation) 

(l) There may be a rapid 
blood flow from afferent 
arterioles to venules through 
narrow capillaries 

(u) Filling Phase — The 
efferent sphincter contracts 
preventing the outflow from 
capillaries to venules The 
capillaries become progres- 
sively distended with blood 
and can now be called 
smuses Their high internal 
pressure drives plasma out 
into the pulp, so that the 
sinus becomes a sack tightly 
packed with red corpuscles 

(m) Storage Phase — The 
afferent sphincter closes so 
that the sack of corpuscles is 
shut off from the circulation , 
negligible numbers of red 
cells escape into the pulp 

(iv) Emptying Phase — After minutes or hours the sphincters relax and 
the blood pressure drives the thick paste of cells into the venous circulation 
Red cells only appear m the pulp and undergo phagocytosis there as a result 
of trauma to the spleen, or m dying animals 

The points of agreement m these conflicting descriptions are (i) the 
spleen can store red blood cells at times (in the pulp or m the sinuses) and then 
discharge them into the general circulation , the magnitude of this storage 
function varies with the species and is small m man , (n) during storage the 
red cells are either broken down by macrophages or, while separated from 
the plasma m the sinuses, they may be so modified that they are subsequently 
more liable to undergo disintegration The mam pomt of difference is, ot 



Fig 126 — Structure of Splenic Pulp (Sbarpey 
Schafer, Essentials of Histology ) 

a, a =red cells In pulp and venule, 6, d=retlculo endothelial 
cells (macrophages) in pulp and venule containing ingested 
r^d cells, c=reticuium cell , v = venous sinus , e= endo- 
thelial lining , /^network of fibres outside venule 
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course, whether the red cells come m direct contact with the cellular elements 
of the pulp 

Weight of Spleen — Average data from people who have died of accidents 
diow that the spleen increases in weight progressively during the period of 
body growth to an adult level of about 150 g , there is some decline during 
later life The individual weights m such series show, however, a marked 
degree of scatter , most normal adult spleen weights he between 50 and 
250 g with a few under 50 g , and a few at 300-350 g The wide range of 



Fig 127 — Changes m Blood Sinuses of TransiUummated exteriorized 
Spleen, showing Filling, Storage and Emptying Phases 

A S ^afferent sphincter on afferent arterioles 
E S = efferent sphincter at junction of capillary (smut) and venule 

1 Free flow from afferent arteriole through sinus to venule ( conduction phase) 

2 Efferent (distal) sphincter beginning to close , sinus filling 

3, 4 Efferent sphincter shut Sinus greatly distended, plasma escapes, red 
cells retained In 4, afferent (proximal) sphincter also closed ^storage phase 
5 Emptying phase , efferent (distal) sphincter relaxes and the thick paste like 
contents of the venous sinus are discharged Into the venule (Kmsely, Anat 
Rec , 1936, 65, 38 ) 


weight may in part be related to the varying amounts of blood present m 
the organ at death 

Functions of the Spleen — 1 Blood Formation — ( 1 ) During the 
second half of fcetal life the spleen is actively engaged in for min g red blood 
corpuscles (p 160), In states of emergency, as m amemia caused by 
destruction of the bone marrow this function may be resumed m post-natal 
life (n) The Malphighian corpuscles are characteristic nodules of lymphoid 
tissue, and by their proliferation add to the number of lymphocytes in the 
circulating blood (p 218) 

In the leukxnnas the normal cells of the splenic pulp disappear, and are 
replaced by masses of lymphoid cells in lymphatic leukaemia, and by n um erous 
myeloblasts or myelocytes m the myeloid type of leukaemia 
8 
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2 Blood Destruction — The macrophages of the spleen are believed to 
destroy red cells (p 187), lymphocytes, and blood platelets (p 155) The spleen 
is undoubtedly a site of haemoglobin breakdown and of bilirubin formation 
(p 188) The spleen may make the red cells which are stored m its sinuses or 
m the pulp more spherocytic and so more liable to undergo haemolysis {infra) 

3 Reservoir of Red Corpuscles — In some ma mm als (e g cat, dog) 
the spleen is an important reservoir of red blood cells, which are discharged 
into the general circulation in states of emergency associated with anoxia, 
thus increasing the oxygen-carrying power of the blood Anoxia acts on the 
central nervous system, causing a discharge of impulses along the sympathetic 


REST EXERCISE 




Fig 128 — Contraction of 
Spleen (Cat) after Exer- 
cise (Barcroft, Lancet, 
1925, l, 319 ) 


Eig 129 — Increased Red Cell Concentration and 
Spontaneous Hiemolysis m Blood expelled from 
Resting Spleen (Mellgren, J Physiol, 1939, 
94, 483 ) " 


AU the bloods were centrifuged 50 minutes after being drawn 
Hromatoerlt tubes, 1 to 6 splenic -\ enous blood taken at sue 
cesslve Intervals during contraction of the spleen result- 
ing from mechanical stimulation of the organ 
Tubes 7, 8, and 9 contain blood from Inferior vena cava, externa 
jugular vein and carotid artery respectively, these serve as 
controls with respect to luematocrit value (» e corpuscular 
concentration) and plasma colour 
Note the higher red cell content in tho splenic venous blood 
especially In tubes 2, 3, 4, 5, when the splenic contraction 
was maximal and the blood previously stored m the organicas 
being expelled Spontaneous hromolysls (causing darkening 
of the plasma) is present in the blood in tubes 2 to 6 


nerves to the spleen and 
the adrenal medulla , under 
the combined nervous and 
hormonal stimulation the 
spleen contracts, by virtue 
either of the smooth muscle 
in the capsule and trabecul®, 
or by the emptying of the 
filled blood sinuses Anoxic conditions which produce these effects are ( 1 ) 
diminished oxygen tension m the inspired air (e g high altitudes) , (u) carbon 
monoxide poisoning , (m) haemorrhage , (iv) severe muscular exercise 
(Fig 128) Emptying of the spleen also results from mechanical stimulation, 
from raised external temperature which is associated with an increase in 
plasma volume and dilution of the cells of the blood, during oestrus (heat) 
and pregnancy (thus providing blood for the turgid generative organs), and 
during ether and chloroform anaesthesia 

Stored blood expelled from the spleen has certain distinctive characteristics 
(l) Its red cell content is above that m the general circulation (Fig 129) 

(n) The sedimentation rate is markedly slowed down (indicative of reduced 
rouleau formation) 

(in) The cells are more spherocytic (p 170), and so undergo haemolysis m 
hypotonic saline at concentrations as high as 0 65% 

1 Watson and Paine, Amer J vied Sci , 1943, 205, 493 
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(iv) On being allowed to stand m vitro tbe blood undergoes spontaneous 
haemolysis to a significant extent (unbke blood from other vessels or organs) , 
this point is well illustrated by Fig 129 in which splenic vein blood was allowed 
to stand for 50 minutes after it was drawn before being centrifuged These 
findings suggest that the storage phase may prepare the red cells for hcemolysis 
(in the spleen or elsewhere) 



HOURS DAYS WEEKS MONTHS 


Flos 130 A and B — -Effects of Splenic Manipulation and Splenectomy m Case of Con- 
genital Haunolytic (Acholuric) Jaundice (Modified from Sharpe el al , Arch ml 
Med , 1939, 64, 270 ) 

Upper Record Changes in red cell count Lower Record Changes in white cell count 
At arrow, Splen = Splenectomy performed 

*ote the enormous Increase in circulating red cell and white cell counts produced by manipulation of 
the spleen at operation The red cell count shows a temporary decline from the maximum and then 
a V h0 beneficial effects of splenectomy develop The white cell count slowly sinks to normal 
LOtner forms of ancemia do not show these reactions ] 

(v) The red cells m the spleen may give staining reactions indicating that 
their inlracorpuscular haemoglobin has been broken releasing inorganic iron 
in situ 

The blood storage function of the spleen m normal man has not been 
convincingly demonstrated Thus, though both injection of adrenaline and 
muscular exercise increase the red cell count m man, they produce comparable 
effects m splenectomized subjects and therefore the changes cannot be 
attributed to splenic contraction 

In cases of congenital hcemolytic jaundice (p 229) the spleen can discharge 




228 


HJ3M0LYSIN FORMATION IN SPLEEN 


large numbers of red cells (and white cells) into the general circulation 
When exposed at operation (for splenectomy) the organ is seen to be very 
large , during its mechanical manipulation it rapidly becomes smaller This 

change is associated with a marked 
increase in red cell count, haemoglobin 
concentration, and total white cell 
count of the peripheral blood Typical 
results are shown m Fig 130, the 
effects of splenectomy in this disease 
are considered on p 229 

4 Relation to Hemolysin 
Formation — When red cells of a 
foreign species are repeatedly injected 
into an animal, specific hasmolysins 
are formed (p 170) m the spleen and 
other organs probably by the reticulo- 
endothelial system There are also 
rare clinical conditions in which the 
spleen forms hsemolysms that destroy 
the patient’s own red cells Fig 131 
shows the blood findings m such a 
case The patient gave one month’s 
history of progressive weakness, pallor, 
and jaundice There was evidence of 
anaemia of the haemolytic type, with 
increased serum bilirubin, and an active 
marrow response as shown by a high 
percentage of circulating reticulocytes 
and normoblastic hyperplasia in the 
bone marrow The patient rapidly 
got worse in spite of repeated blood 
transfusions and liver therapy When 
he was almost moribund splenectomy 
was performed , the removed organ 
weighed 500 g The operation was 
followed by smooth recovery A 
hcemolysm was demonstrated m the 
serum In other cases the serum 
hsemolysm found was destructive to 
cells of all the blood groups including 
the patient’s own cells, was peculiar 
m character, and was antagonized by 
incubation with normal human serum , 
a hEemolysm with similar properties 
was extracted from the spleen Blood 
from this kind of case usually gives a 
positive Coombs test (p 172) 

The evidence just presented streng- 
thens the suspicion that the spleen 
may normally be concerned with the 
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Fig 131 — Effects of Splenectomy m Case 
of Grave Hmmolytic Anaemia with 
Circulating Haemolysm (Drawnfrom 
data by Dameshek and Schwartz, 
New Engl med J , 1938, 218, 76 ) 
Records from above downwards hamoglobin 
percent (100% = 15 5 g-%) , reticulocytes 
per cent , red cell count (millions per c mm ) 
On admission grave anremia (red cells 1 6 
million, haimoglobm 45%), evidence of 
haimolysis (jaundice, raised serum bilirubin), 
and marked red marrow response (hyper- 
plastic bone marrow, normoblasts pre 
dominating, reticulocytes 12-22%) Diag 
nosis of hssmolytic anaemia Circulating 
li£omoly8in subsequently demonstrated in 
serum Condition rapidly deteriorated in 
spite of repeated transfusions (750 e c and 
500 c c of blood injected at points indicated 
by arrows) , , . 

Splenectomy carried out when almost moribund 
Rapid progressive improvement m state of 
blood and decline in reticulocytes The 
removed spleen weighed 600 g , was con 
gested, and contained infarcts, no increase 
in splenic macrophages 
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haemolysis of red cells or with subjecting them to some treatment preparatory 
to actual haemolysis 

5 Relation oe Spleen to Purpura Hemorrhagica — See p 159 

6 Defence Reactions — There are many observations to show that the 
macrophages (reticulo-endothehal system) including those m the spleen, are 
actively concerned m the defence of the body against infection Thus, if 
the macrophages generally are poisoned by injection of collargol, 1 the amount 
of immune bodies formed by the animal is diminished Splenectomized 
animals cannot be immunized against tetanus toxin After splenectomy 
a nim als succumb more readily to intercurrent infections than do the controls 
The splemc cells unite readily with diphtheria toxin and retain it, and thus 
prevent it from exerting harmful effects on the body as a whole Bacteria 
injected intravenously are taken up with great rapidity by the macrophages, 
which are also concerned with engulfing larger parasites, like those of kala- 
azar It was pointed out (p 218) that the macrophages in the germinal 
centres of lymph nodules destroy lymphocytes and so release their contained 
immune body (y-globukn) In many subacute and chrome infections, eg 
in typhoid fever, the sinuses of the lymph nodes and the splemc pulp are 
packed with mononuclear cells which presumably deal with the invading 
organisms 

Congenital Haemolytic (Acholuric) Jaundice 2 — In this disease the 
cells are shorter and fatter than normal ( spherocytes ) , as there is a reduced 
ratio of cell surface to cell volume the cells show increased fragility m hypo- 
tome saline (p 170 and Rigs 95, 96) If the cells from a patient are trans- 
fused into a normal person they have a short survival time, eg 14 days 
(normal about 100 days) No abnormal heemolytic mechanism has been 
demonstrated m these patients Because the cells are abnormal they are 
destroyed excessively rapidly m the patient’s own body producing ansemia 
From time to time and for no known reason erythropoiesis is temporarily 
suspended , the ansemia then becomes very severe as half the circulating red 
cells can be destroyed m 7 days The serum bilirubin is raised m this disease 
and jaundice develops ( haemolytic jaundice, (p 190)), but no bile pigment 
appears m the urine (hence the name “ acholuric ” (ef p 193)) The red 
marrow shows compensatory normoblastic hyperplasia and the reticulocyte 
count is high 

As already pointed out there is marked red cell storage m the spleen m 
this disease (p 227 and Fig 130) Splenectomy arrests the abnormal blood 
destruction , the serum bilirubin falls, the jaundice disappears, and the red 
cell count gradually rises to normal , but the spherocytosis and the increased 
cell fragility m hypotonic saline remain unaltered It is not clear how 
splenectomy produces its beneficial effects 

Hypersplenism — Clinically cases are encountered m which e nla rgement 
of the spleen is associated with suggestive evidence of overactmty of the 
organ, leading to excessive destruction of blood platelets, granulocytes, and red- 
blood cells to a varying extent Some or all of the following changes may be 
found m the blood 

(i) A marked decrease m the platelet count (Fig 132) sometimes associated 
with signs of purpura (p 159) 

1 Collargol is a colloidal silver preparation 

* Dacie and Mollison, Lancet, 1943, u, 650 , Dacie, Quart J Med , 1943, 12, 101 



230 


RESULTS OF SPLENECTOMY 

(u) Decrease or disappearance of the neutrophil granulocytes (granulo- 
penia, neutropenia ), in spite of active myeloid proliferation and maturation 
in the bone marrow 

(m) Ancsmia due to excessive blood destruction (with raised serum 
bilirubin and jaundice, and sometimes with evidence of marked erythro- 
phagocytosis in the spleen) 

These patients are cured by splenectomy Immediately after the operation 
there may be a marked overswing of the platelet count ( eg to 2 5 million 
per c mm ), and of the granulocyte count (e g to 20,000 per c mm ) , these 
reactions probably indicate that the hypertrophied bone marrow goes on 
manufacturing these cells m large numbers, and as they are no longer being 



Fia 132 — Effect of Splenectomy m Thrombocytopenic Pur- 
pura attributed to Hypersplenism (Modified from 
Wiseman and Doan, Ann int Med , 1942, 16, 1100 ) 

Girl aged 12 suffering from purpuric hemorrhages There was moderate 
secondary anajmia, mild neutropenia, and almost complete disappear 
ance of blood platelets Following splenectomy the platelets rose 
rapidly to over 2 5 milhons/c mm There was also a temporary 
granulocytosis 

excessively destroyed, their count m the blood temporarily rises to a high 
level , ultimately a normal state of the blood is attamed 

Probably no hard and fast distinction should be drawn between this 
group labelled hypersplemsm, cases of splenic anaemia with circulating 
hsemolysm, and cases of purpura hsemorrhagica (with low platelet count) 
that benefit from splenectomy Our knowledge of splenic function in health 
or disease is too uncertain to allow dogmatic opinions on the subject 

Results of Splenectomy — The mam results of splenectomy m normal 
animals are 1 

(l) An anaemia of the hypochromic type, mild or moderate in character, 
which usually reaches its severest stage after JJ months and is followed by 
slow and steady recovery during the succeeding three or four months 
(Fig 133, A) The red count rarely falls below 3,000,000 per c mm or the 
haemoglobin below 55% These results are quite unexpected m view of the 
relationship of the spleen to red cell destruction Unfortunately there are 
few data on the subject m normal human beings Krumbhaar believes that 
1 Singer and Weisz, Amer J med Set , 1945, 210, 301 
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the spleen gives rise to some substance which normally stimulates the marrow 
to activity and that the ansemia is due to decreased marrow activity 
The anemia is later compensated for by hyperplasia of the red bone 
marrow 

( 11 ) The red cells are thinner and consequently are more resistant to 
the action of hypotonic saline (Fig. 96) , their life span is not prolonged 

(in) In a nima ls m which the spleen is an important reservoir of red cells, 
there is diminished resistance to severe anoxia from any cause ( e g 
haemorrhage, CO poisoning) 



A 


B 


Fig 133 — Changes m Hmmoglobm Values and Bed Cell Count after Splenectomy m 
Normal Dogs (Krumbhaar et al , Spleen and Anaemia ) 

Hb% htemoglobin concentration g per 100 c c (A) 

BBC red cell count in milli ons per c mm (B 


(iv) Blood destruction and bilirubm formation continue to an uudimmished 
extent (p 188) from compensatory activity of macrophages elsewhere 

(v) In some animals resistance to certain forms of infection is decreased 

(vi) There is an unexplained increase in the total number of leucocytes, 
perhaps to 20,000-40,000 per c mm , this is almost entirely due to the 
increase m the neutrophil count, which returns to normal very slowly (Fig 


Splenectomy in Man 1 — This operation is beneficial in man m congenital 
luemolytic jaundice (p 229), hypersplemsm (p 230), splenic ansemia with 
circulating heemolysin (p 228), and some cases of purpura hsemorrhagica 
(p 159) 


1 Learmonth, Brit med J , 1951, u, 67 
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Note on Terminology oe Abnormal Blood Conditions in 
Infants and Children 

The terminology of these conditions is liable to give rise to confusion , 
they are gathered together here and commented on briefly m the hope of 
producing some degree of clarity 

Haemolytic Disease (p 180) , a condition due to the haemolytic action of 
the Bhesus antibody on the foetus and new-born infant Some of the mani- 
festations of this disease are named as though they were in dependent clinical 
syndromes (which they are not) These names include icterus gravis 
neonatorum, congemtal ancemia of the new-born, erythroblastosis fcetalis 
(erythroblastsemia) , hydrops fcetalis , kermcterus 

Icterus Neonatorum {Jaundice of New-born) (p 192) probably due to 
functional immaturity of the hver 

Haemorrhagic States m Infants (p 153) possibly due to Vitamin-If 
deficiency 

Hcemophilia (p 150) 

Purpura (p 157) 

Congenital Haemolytic Jaundice or Icterus ( Congenital Acholuric Jaundice, 
Congenital Haemolytic Ancemia ) (p 229) a congemtal abnormahty of structure 
of the red cells 
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THE HEART AND CIRCULATION 

STRUCTURE AND PROPERTIES OE HEART MUSCLE 1 

Cardiac Muscle — The muscle fibres of the heart are cylindrical m shape, 
have a nucleus situated centrally, and branch, uniting by their branches 
with adjacent fibres (Eig 134) They are longitudinally striated as is all 



Fra 134 — Structure of Heart (Lewis, Mechanism and Graphic 
Registration of Heart Beat ) 

Section through sheep s heart 
C = Muscle fibres of ventricle 

P F =PurMnje fibres (separated by connective tissue ) 

On the right hand surface is the endothelial lining of the ventricle (E ) 

Note tho large size of the Purhinje fibres 

muscular tissue, and in addition they show some transverse stnation As no 
definite cell membranes are present between the individual fibres, heart 
muscle must be regarded as a syncytium For all practical purposes there is 
functional continuity throughout the muscle tissue of the auricles and of the 
ventricles respectively 

Special Junctional Tissues of the Heart 2 — This term is employed 
to describe certain tissues m the heart which are concerned with the initiation 
and propagation of the heart beat They include the smo-auncular node 
and the junctional tissues — the latter consisting of the aunculo-ventncular 
node , the aunculo-ventncular bundle, or bundle of His , the nght and 
left divisions of the bundle, and their arborizations under the endocardium 

1 “ Consult, peruse and study” Lewis, Mechanism and Graphic Registration of Heart 
Beat, 3rd edn , London, 1925 

* Nomdez, Arner Heart J , 1943, 26, 577 
S* 233 



234 


JUNCTIONAL TISSUES OF HEART 

and the terminal fibres -which penetrate the ventricular substance (Fig 135) 
The bundle of His and all its ramifications may be called Purkmie tissue 
(or fibres) 

(i) The Sino-Auricular Node i s situ ated at t he junction of the superior 
vena_cava and. the .free border of the right auricular appendi'frand' extends 
down„along, the^sulcus_ ternunahs for a distance of ”2 cm" It is 2 mm in 
width and has a rich' cap jUary_blopd' su ppl y ' It consistTessentiallyoftMn; 
elongated muscleUbris (about one-third" the size of heaft-muBcle fibres), 
fusiform, in shape and longitudinally -striated, which interlace’ with "one 
another in a plexiform manner These fibres normally initiate the hearTfmt , 
for ffinT reason the' smo-'auncular node is called the" pacemaker Nerve cells 
and fibres forming the escitor relay of the vagus nerve (Fig 135) and excitor 
(postganglionic) fibres of the sympathetic are also present (p 268) 



(n) The Auriculo-Ventricular Node is situated at the posterior and 
right border of the inter-auncular septum near the mouth of the._coronary 
sinus Auricular muscle' fibres from" the 'region of the coronary' smus collect 
fanwiBe, interlace, and unite with the auriculo-ventncular node In structure 
this node is identical with the smo-auncular node 1 

(in) The Bundle op His runs upwards to the posterior margin of the 
membranous part of the interventricular septum and then forwards "below it, 
ensheathed and isolated m a canal At the anterior part of the membranous 
septum, in_front,oLthe_attachment.of_the_septal cusp of the tricuspid valve 

1 The Brno auricular node is a right sided structure developing from tissue which lies 
at the entrance of the primitive right great vein (winch later becomes the superior vena 
cava) This explains the position of the node and itB supply by the right vagus nerve 
The aunculo ventricular node is a left sided structure, supplied therefore by the left 
vagus nerve, and developed from tissue in the vicimty of the entrance of the left great 
veins which becomes the coronary sinus The anatomical position of the two nodes i* 
thus also accounted for (Keith) 
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to the A V ring, the bundle forks The left divisi on pier ces the membran e 
qp7T then jT^^ 31 igjpperbord'er of the muscular sept um tjoenter the sub- 
endocardial space of the leftjyentncle beneath the union of the anterior and 
rigKFposterior cusps of th e ao rtic, val v e This relation to the aortic valve 
is important ancTexplamshow this branch of the bundle may be imphcated 
m aortic incompetence The right division passes down the right side of the 
septum and is mainly transmitted in the moderator band Both branches 
are continued as an arborization of fibres lying under the endocardium of 
both ventricles from which terminal fibres penetrate the ventricular wall 

Purkmje tissue (bundle of His and its branches) differs histologically 
from cardiac muscle In man the Purkm]e fibres are somewhat larger 
(range 10-46 g, mean 16 g) , th e c eir oTTtllEes~are indistinct~~th"e ~ central 
cytoplasm is granular and contains severarfiucler;“tlie''penpheral cytoplasm 
contains ymyofibrilloe but these are ’separated by more sarcoplasm" /'The 
glycogen content is greater Intermediate forms' between typical Purkm]e 
fibres - and cardiac muscle fibres' are'numerous The bundle of His contains 
nerve fibres and many blood vessels 

-—Properties of Heart Muscle — (1) Excitability and Contractility — 
Heart muscle is excitable, u it responds to external stimuli by contracting 
The “ all-or-none ” law (p 489) applies to the heart if the external stimulus 
is too weak, no response is obtained , if the stimuhis^fadequate, the heart 
r esponds t oTKe best of lts abihty" Irfthis connection the auricles or ventricles 
behave as a single unit/so that an adequate stimulus normally produces a full 
contraction of auricles or ventricles The force of the contraction obtained 
depends on the state m which the muscle fibres find themselves The force 
vanes with (i) the initial length of the fibres (p 275) , (u) the duration of the 
previous diastolic pause , and (m) the nutrition and oxygen supply (p 236) 

(2) Refractory Period — (i) Throughout the period of contraction, 
heart muscle is absolutely refractory and does not respond at all to external 
stimuh Summation effects are impossible, because one contraction must be 
completed and recovered from before a fresh one can be set up , as a conse- 
quence, h eart jnuscle cannot_develop a tetanus^ The absolute refractory 
period of auricular muscle for heart rates up to 100 per minute is about 0 2 
second 

(n) Shortly after the contraction is over, the muscle is relatively refractory 
Minimal stimuh fail to produce a response, but very strong stimuh are 
effective The force of contraction during this period is also subnormal 
Finally, full recovery occurs 1 

(3) Conductivity is a property of all heart muscle, but is especially 
developed m the bundle of His and its branches (the Purkmje tissue) Con- 
duction in Purkmje tissue is at the rate of 4 metres per second, m the 
auricular wall 1 metre per second, and in the ventricular wall 0 4 metre 
per second In the A V node conduction is very slow — about 0 2 metre 
per second (Large nerve fibres in mammals conduct at a rate of about 100 
metres per second ) The excitation process is normally transmitted from one 
point in the heart to the adjacent one with no diminution of intensity, as in 

Tho refractory period is longest m the A V node, intermediate m the ventricles, and 
shortest in tho auricles Certain drugs, like digitalis and quimdme, prolong the absolute 
reiractory period , stimulation of the vagus shortens the duration of systole, and so 
diminishes tho refractory period 
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NUTRITION OF HEART 


nerve When the Puxkmje tisane is damaged, it conducts more slowly and 
with diminished intensity like narcotized nerve (p 489) 

(4) Rhythmioity — The heart has the power of initiating its own impulse, 
without recourse to external agencies Normally this function is carried 
out by the S A node, but under exceptional circumstances the heart beat 
may be initiated for long periods by the A V node or other parts of the 
junctional tissues (cf p 286) 

Nutrition of the Heart — This may be studied by perfusing the isolated 
heart through its coronary vessels The heart is removed from the body, 
a cannula inserted mto the aorta pointing towards the heart, and connected 
with a pressure bottle The nutrient fluid under pressure is forced into the 
cannula, closes the semilunar valves, perfuses the coronary arteries, and thus 
reaches the heart muscle , it returns to the right auricle via the coronary 
sinus The heart is attached to a recording lever and is soon found to contract 
rhythmically (note that the ventricles are empty) The role of the following 
factors can be demonstrated 

(1) Temperature — Cooling the perfusing fluid slows the heart and may 
finally Btop it , warming the fluid qmckens the heart These effects are 
due to alterations in the metabolic rate of the S A node 

(2) Pressure — If the pressure of the perfusion fluid is lowered, the force 
of contraction is diminished (cf p 237) 

(3) Oxygen Supply — If this is inadequate, the beat becomes feeble and 
irregular and finally stops 

(4) Constituents op the Perfusing Fluid — The inorganic constituents 
are more important than the organic For the mammalian heart, fluid 
with the following salt concentration is best NaCl, 0 9 g , CaCl 2 , 0 024 g , 
KC1, 0 042 g , NaHC0 3 , 0 01-0 03 g , distilled water, 100 c c 

The part played by each constituent is as follows 

Na+ — The NaCl is mainly responsible for giving the fluid its proper 
osmotic pressure so that it may be in equilibrium with the tissues Na + ions 
must be present in the interstitial fluid to maintain the excitability of heart 
muscle (and skeletal muscle and nerve), its contractihty and its rhythmic 
activity 

Ca++ — If Ca++ ions are added to the perfusing fluid, the force of the heart 
is increased If Ca ++ is present in excess, the heart contracts well, but relaxes 
progressively less , the beats become progressively smaller m extent, and 
finally the heart stops m a condition of extreme contraction ( calcium ngor ) 

K + — Excess K+ causes increasing relaxation of the heart, and finally 
brings about arrest in complete diastole 

H + ion Concentration — The fluid must be slightly alkaline Increased 
H+ ion concentration causes relaxation of the heart and feebleness of the 
beat , excessive alkalinity produces the reverse effect Excessive artificial 
respiration in an intact animal results in washing out of CO s from the blood 
and consequent alkaliemia , the heart contracts forcibly but does not relax 
during diastole to receive the venous return, and so the output and blood 
dicssuic fcill 

Metabolism of Heart Muscle 3 — Cardiac muscle resembles skeleta 
muscle m its chemical composition and m its metabolic processes (cf p 4216) 

1 Clark el p.1 , Metabolism of Frog's Heart, London, 1938 Evans, Edin med J , 1939, 
46, 733 
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Certain differences are noteworthy, the most important being that cardiac 
muscle cannot continue to beat after its 0 2 supply has been used up, te it 
cannot incur an oxygen debt (p 439) The effects of cutting off the coronary 
blood flow are, therefore, grave (p 238) Heart muscle can take up lactate 
as well as glucose from the blood 

The oxygen consumption of the heart varies with the amount of work it 
has to perform , it thus increases when the peripheral resistance, heart rate or 
output per beat rises (the other factors in each case remaining constant) 
The optimum mechanical efficiency of the heart is about 30% (cf p 431), 
and is observed when the cardiac output is high 

In the intact ammal increased peripheral resistance is, however, often 
associated with reflex cardiac slowing , the work of the heart may then increase 
without increased oxygen usage, i e itB efficiency increases under these 
circumstances Efficiency also increases with rising output per minute up to 
a certain point , if the heart is overworked, however, it dilates and its 
efficiency falls off again 

Coronary Circulation 1 — Nerve Supply — The coronary vessels receive 
a rich innervation from both the vagus and the sympathetic The vagus 
conveys constrictor fibres to the coronary arteries Section of the vagi _m- 
oreaseB, and stimulation of the peripheral end of the vagus (Emihislies the 
coronary flow . inthe latter c ase the same result is obtained even if the heart" 
is artificially maintained at its previous rate by means of electrical stimula- 
tion Stimulation of the sympathetic dilates the coronary arteries , cerebral 
anaemia and asphyxia produce coronary dilatation, m part by stimulation 
of the sympathetic supply to the coronary vessels 

The blood supply to the heart is adjusted to its varying needs, the mam 
factors responsible being oxygen tension, C0 2 tension (and H+ ion concentra- 
tion), mean blood pressure, nervous reflexes, temperature, adrenaline, and 
certam non-acid products of activity 

(1) Blood Composition — Anoxia greatly increases the coronary flow , 
a fall in the oxygen saturation of the arterial blood to 80% has httle effect, 
but a fall to 50% may increase the flow four- to fivefold Excess C0 2 has a 
much smaller effect A change m the C0 2 content of the inspired air from 
3 to 7% only increases the coronary flow by 50% Adrenaline, as might be 
expected, dilates the coronary arteries m most species (p 725) 

(2) Influence of Arterial Blood Pressure — The mean aortic blood pressure 2 * 
is one of the mam factors which control the coronary circulation Thus in 
the denervated heart-lung preparation (dog) (p 276) an increase m mean 
blood pressure from 50 to 130 mm Hg may increase the coronary flow from 
20 to 250 c c per minute A low blood pressure from any cause similarly 
leads to an impaired blood supply through the coronaries and defective 
nutrition of the heart, which further depresses the state of the circulation 

(3) Influence of Cardiac Output — If the nerve supply of the heart is intact 
it is found that the coronary flow increases as the cardiac output increases 
Anrep attributes this response to reflex inhibition of the vagal vasoconstrictor 
fibres to the coronary arteries 

(4) Coronary flow during the Various Phases of the Cardiac Cycle 3 — This 

• ® rc ?S> Physiol Rev , 194G, 26, 29 , Coronary Circulation in Health and Disease, 1950 

* By mean blood pressure ” is meant the mean of systobc and disstohe pressure 

3 Green, Gregg, and Wiggers, Amcr J Physxol , 1935, 112, 627 
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depends on the resultant of two mam factors the aortic blood pressure and 
the state of the coronary blood vessels The mam c oronary inflo w occurs 
during the p eriod of ventricul ar diastol e, while the mam outflow occurs during 
ventncularsystole Closer analysis shows that three phases can be recognized 
(Fig 136) <t)Dunng the isometric contraction phase the aortic blood pressure 
is minimal and the intramuscular branches of the coronary vessels are firmly 
compressed by the contracting wall of the ventricle The coronary inflow ib 
consequently sharply reduced (a) (but the outflow ib correspondinglyincreased) 
un During the ejection jhase the coronary inflow follows the rise and fall of aortic 
blood pressure (6)(\v|During isometric relaxation the coronary inflow mounts 

steeply because the aortic pressure is 


D 


D 


high and the ventricular wall is now 
relaxed (c) The inflow, however, goes 
on rising to about the middle of the 
diastole (for no very clear reason) 
although the aortic pressure is falling 
The inflow declines during the rest of 
diastole with the decrease m diastolic 
pressure 1 

(6) Coronary Flow m Exercise in 
Man — This can be calculated with a 
fair degree of accuracy and turns out 
to be about one litre per minute m the 
most violent exercise 2 3 ThiB immense 
coronary flow may be attributed m 
the light of the results discussed above 
to the following factors local rise of 
CO 2 tension and of H+ ion concentra- 
tion and the liberation possibly of 
non-acid dilator metabolites (cf 
p 316) , low oxygen tension in the 
heart , secretion of adrenaline , reflex 
inhibition of the vagal vasocon- 
strictor fibres, raised systemic blood 
pressure 

Results of Coronary Occlusion 3 — Experimentally it is found that if 
both mam branches of the left coronary artery are tied, death usually results 
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136 — Changes in Coronary Inflow 
during Phases of Cardiac Cycle 

Upper record A Aortic pressure tracing Lower 
record C Coronary inflow Vertical lines 
S, I), mark onset respectively of ventricular 
systole and diastole a, b, Cephases of 
coronary flow (Green, Gregg, and Wiggers, 
Amer J Physiol , 1935, 112 ) 


1 Compare p 432 for the blood flow changes during contraction m skeletal muscle 

- The maximum output of the heart per minute m exercise is about 40 litres Let us 
assume the mean blood pressure to be 100 mm Hg The work of the left ventricle (out 
put X resistance) can then be calculated and is found to be equivalent to 128 g -calories 
(the small calorie is here referred to) If the mechanical efficiency of the heart is 
taken at a maximum of 33%, the total energy liberated by the chemical changes is 
128x 3=384 g -calories per mmute If the work of the right ventricle is one fourth that 
of the left (owing to the low pulmonary pressure), the total energy output of the heart 
is 384+96=480 g -calories per minute 96 c c 0 2 are needed to liberate this energy (1 c c 
q 2 — 5 g calories) If 12 o c 0 2 are obtained from each 100 c c of coronary blood, the 
flow through the coronary arteries must be at least 800 c c per minute (Hill) 

3 The detailed distribution of the coronary artenes is described by Gross ( Blood 
Supply of Heart, 1921, New York) , the anterior descending branch of the' left coron- 
ary ib particularly important because it is ooolnded more often than all the other 
brandies added together This branoh supplies portions of both ventricles, » e the apex 
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immediately from ventricular fibrillation (p 294) If the circumflex or 
anterior descendmg branch alone is bgated, no serious circulatory changes 
may be noted If the right coronary artery is ligated, about half the experi- 
mental animals may survive for longer or shorter periods 

Clinically coronary occlusion may prove fatal instantaneously or within 
a few minutes, hours, or days, or death may occur later from heart failure, or 
good recovery may take place The condition is characterized by pain which 
may be severe and prolonged, persistmg for hours or days , it may be relatively 
unaffected by morphine The symptoms of coronary occlusion are fully 
considered on p 750, to which reference should be made The referred 
pain in this condition has a very wide distribution, and may be accompanied 
by tenderness and rigidity of the abdominal wall, nausea, and vomiting 
There are marked signs of shock ashen-grey hue, sweating, and a very feeble 
pulse The blood pressure falls markedly, sometimes to an extent which 
interferes with the secretion of urine The electrocardiographic changes 
are considered on p 251 The usual signs of heart failure may develop 1 

ORIGIN AND SPREAD OE THE CARDIAC IMPULSE 
ELECTROCARDIOGRAPHY 2 

Electrical Changes in Heart. — Electrical methods have proved of 
great value in the study of the origin and propagation of the excitation 
process in the heart and m the investigation of clinical disorders of the heart’s 
action The special mstrument employed for these purposes is the electro- 
cardiograph 

When nerve or skeletal muscle is stimulated, the active region become s 
electrically negative with respect to a resting regio n, resulting in a char- 
acteristic deflection (p 484) , the same is true of heart muscle The duration 
of the electrical disturbance varies with the tissue , in nerve fibre it is one 
or a few milliseconds (p 490) , m skeletal muscle it is a little longer but 
comcides approximately with the latent period, the electrical change bemg 
completed by the time that muscle tension begins to develop (p 502) In 
cardiac muscle, however, the electrical disturbance persists throughout the 
period of systole and some electrical change may be present even in diastole , 

of the left ventnole, the left anterior third of the right ventricle, and part of the inter- 
ventricular septum There is a rioh anastomosis between the branches of the same 
artery and between the right and left coronaries m their capillary and precapillary dis- 
tribution The vascular needs of heart muscle are so enormous, however, that if a 
sufficiently large branch is blocked, death of the corresponding region of the heart (infarc- 
tion) may take place If a coronary vessel is slowly narrowed an adequate collateral 
circulation is gradually established so that the vessel may finally be completely closed 
without harm According to Gross, anastomoses throughout the coronary circulation 
become more effective and more extensive with advancmg years, so that, other factors 
bemg equal, the heart of a man at 60 is better prepared to withstand the effects of coronary 
occlusion than the heart of a man at 20 The results of coronary occlusion therefore 
dopend on the size and location of the vessel, the rate of formation of the thrombus, the 
age, and the state of the general circulation 

1 Ratnoff, Medicine, 1946, 25, 285 

* Lewis, Mechanism and Graphic Registration of Heart Beat, 3rd edn , London, 1925 
Goldberger, Unipolar Lead Electrocardiography, Phila , 2nd edn, 1949 Nahum and 
ykernoff, m Fulton, Textbook of Physiology, 16th edn , 1949 Hill, Lancet, 1950, l, 985, 
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it lasts, therefore, for about 0 1 sec in the auricles and for more than 0 3 sec 
m the ventricles 

In the experimental study of the heart’s action direct or indirect leads 
may be employed With a direct lead, one or both electrodes are placed m 
direct contact with the surface or deeper parts of the myocardium With 
indirect leads the electrodes are applied to more distant parts of the body 
and are affected by the currents which are set up m the body fluids by the potential 
changes generated by the heart Clinically indirect leads are employed, though 
occasionally opportunities arise to apply electrodes directly on the human 
heart 

The normal electrocardiogram shows, during each cardiac cycle, a senes 
of deflections called PQRST and U The first wave, P, is due to auricular 
activity , the later deflections, QRST, represent ventncular events , TJ is 
inconstant and when present occurs early in diastole As m skeletal muscle, 
the electrical change in heart muscle sets m before the beginning of mechanical 
contraction The process responsible for the electrical change and associated 
with it has no generally accepted name , it has been called the “ excitation 
process,” the “ propagated disturbance,” and the “ cardiac impulse ” (this 
last being analagous to the term “nervous impulse,” which is used to describe 
the propagated disturbance in active nerve fibre) 1 

Action Potential of Single Heart Muscle Fibre 2 — The exploring 
electrodes are disposed as shewn in Fig 137 one electrode, (S) is placed on 
the surface of the fibre, the other (Int ) is inserted mto the interior of the 
fibre (frog ventricle) When the heart is at rest, the interior of the fibre is 
electrically negative relative to the surface (Fig 137, A) , the potential differ- 
ence is about 50 mV The surface membrane is thus polarized, i e it separates 
two unequally charged zones When activity begins, the external surface 
rapidly becomes negative relative to the interior (Fig 137, B) , the potential 
difference is about 30 mV in the opposite direction This stage is called the 
stage of excitation, invasion or “ depolarization ” 3 It is followed by persistent 
sustained negativity of the external surface (Fig 137, C) , this is the stage of 
possession Finally the surface negativity passes away and the original 
resting electrical state is restored (Fig 137, D) , this is the stage of recovery, 
retreat or “ repolanzation ” 

When two surface electrodes are used, it is found that an active region 
is negative with respect to a resting or recovering region , the direction of 
the external current flow is consequently from the resting or recovering region 
to the active region The resting region is thus a “ source ” of current , the 
active region is a “ sink ” into which the current flows A recovering region 
becomes progressively less of a “ sink ” and more a source of current 

Relation to Electrocardiogram — F ig 137 shows that the stage of 
invasion of the single fibre corresponds m time with the QRS waves, and the 

1 The “ cardiac impulse ” as defined above should not be confused with the 
“ pulsation,” visible and palpable on the chest surface, which is produced by the impact 
of the contracting heart against the chest wall (apex beat, p 265) It should also be 
distinguished from the mechanical contraction of the heart 

2 Draper and Weidmann, J Physiol , 1951, 115, 74 Cf the account of the origin ana 

propagation of the nerve impulse on pp 483 et seq , , 

3 The membrane in the active zone is really polarized in a direction opposite to wiat 
found at rest , but it is an old convention to call this change depolarization and the word 
is used in this section m the sense just indicated (cf p 484) 
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stage of recovery with the T waves of the electrocardiogram of the entire 
ventricle when indirect leads are used No one knows exactly how the 
monophasic single fibre potential is transformed into the complex waves of 
the ventricular cardiogram 1 The following points should be noted the 
arrangement of the ventricular fibres is extremely comphcated , the exact 
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Fig 137 — Action Potential of Single Heart Muscle Fibre (Frog Ventricle) (After 
Woodbury, et al , Circulation, 1950, 1, 264 ) 

(а) Disposition of electrodes 

S= surface electrode Int = electrode in interior of fibre 

(б) Below action potential of single fibre Ordinate millnolts (mV) Zero base line potential 
of surface of resting fibre Downward deflection relative negativity of interior of fibre 
Upward deflection relative negativity of surface 

A, fibre at rest B, stage of excitation (invasion, " depolarization ’) C, stage of possession 
D, stage of recovery (retreat, “ rcpolarization * ) 

Abo\c electrocardiogram of frog tentacle (one ejele) using indirect leads 


course of the invasion process through the ventricular wall is not known with 
certainty, especially m man , the duration of the phase of possession m any 
region is unknown , the exact sequence and rate of repolarization are obscure 
It is, therefore, impossible to describe the moment to moment changes m 
the pattern of current flow m the heart except in fairly general terms To 
this extent the basic analysis of electrocardiographic curves is imperfect even 
m the case of the normal heart 

1 Note also that the voltages recorded from the whole heart by indirect leads are small 
compared with the directly recorded single fibre potential 
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The currents which are generated in the heart are conducted throughout 
the body fluids , from the electrical standpoint the heart can be regarded 
as being suspended m a bag of saline which acts as a volume conductor If 
the chest is opened, or if the medium round the heart is altered in other ways 
( e g by pericardial effusion, pneumothorax, or the presence of emphysema) 
the pattern of current spread through the body fluids is altered and the 
electrocardiogram recorded by indirect leads is correspondingly modified 
Electrocardiographic Leads — Two lands of indirect leads are employed 
unipolar and bipolar 

1 Unipolar Leads — One electrode, the explormg electrode, is placed 
on an area of the body surface The other, or indifferent electrode, is kept at 
approximately zero potential by connecting electrodes, placed respectively 
on the right arm, left arm, and left leg, to a central terminal through a 5000 
ohm resistance (The currents from the three limbs neutralize one another ) 
The indifferent electrode undergoes no significant change during the cardiac 
cycle When a unipolar lead is used the electrocardiogram records the 
potential changes which affect the explormg electrode only 

The following unipolar leads are used , they are labelled V, followed by 
a letter or by a letter and number describing the position of the explormg 
electrode 


Namo of 
Unipolar 
Lead 

Position of Exploring Electrode 

VR 

Right arm 

VL 

Left arm 

VP 

Left leg (F=foot) 

VC 

Chest 

Six chest positions are described 

VC 1 

4th intercostal space to right of sternum 

VC 2 

4th intercostal space to left of sternum 

VC 3 

Midway between left sternal border and mid- 
clavicular line on a line joining positions 2 and 4 

VC 4 

5th intercostal space in midclamoular line 

VC 5 

5th intercostal apace in left anterior axillary line 

VC 6 

6th intercostal space in left midaxillary bne 

VC 7 

6th intercostal space m left postaxdlary line 


The chest leads VC 1-7 are sometimes called V 1-7 


The wiring employed is by convention such that when the exploring 
electrode is negative relative to the central zero terminal the record is 
deflected downwards , when the explormg electrode is positive the record 
is deflected upwards 

(I) Unipolar Limb Leads 1 — Each unipolar lead can be regarded as being 
projected as a sohd cone on to the surface of the heart The cardiac area 
subtended by the cone and which thus “ faces ” the electrode is called the 
proximal zone , most of the rest of the heart, which “ faces away ” from the 
electrode, is called the distal zone There is a narrow intermediate zone between 
1 Nahum et al , Amer J Physiol , 1948, 163, 629, 640, 647 , 154, 369 
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the above mentioned zones (cf Fig 142) There is evidence that negativity 
in the proximal zone causes a downward movement of the record Changes 
in the intermediate zone have little effect The record, therefore, moves up 
or down when negativity predommates m the distal or proximal zone 
respectively This view of the origin of the unipolar lead electrocardiogram 
is illustrated m Fig 138 When excitation begms m the proximal zone, 
the negativity there produces a downward deflection As excitation spreads 
to involve the distal zone the record begins to move upwards again towards 
the base line {i e the isoelectric line) 

As recovery associated with positivity 
develops m the proximal zone there 
is a deflection upwards above the 
base line As the distal zone also 
recovers and becomes positive the 
record returns again to base line It 
is beheved that only electrical changes 
at the pericardial surface affect the 
indirect leads 

Fig 142 shows the approximate 
distribution of the proximal and distal 
zones m the human heart when the 
unipolar limb leads VR, VL, and VF 
are employed 

(2) Unipolar Chest Leads 1 — 

Fig 143 shows the position of the 
proximal zone m man m the case of 
each of the six unipolar chest leads 
The proximal zone is much smaller 
than m the case of the limb leads 
and is roughly the portion of the 
heart which lies under the exploring 
electrode , there is overlap of the 
proximal zone of one position with 
those on either side of it As the 
position of the exploring electrode recedes away from the ventricular surface 
(in chest positions 5, 6) the proximal zone becomes larger In all the chest 
positions of the exploring electrode the “ neutral ” intermediate zone too is 
large Negativity at the chest electrode is recorded as a downward deflection 

2 Bipolar Leads — (1) Classical Limb Leads — These are the leads 
which have been most extensively used m man , a vast amount of information 
has consequently accumulated correlating the electrical with the clinical and 
post-mortem findings These leads were also used m the earlier fundamental 
studies of the origin and spread of the cardiac impulse and m the analysis of 
experimentally induced abnormalities of the heart’s action The classical 
limb leads are 

Lead I from right arm and left arm 

Lead II from right arm and left leg 

Lead III from left arm and left leg 
1 Nahum and Hoff, Amer J Physiol , 1948, 155, 215 


ELECTRICAL 
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I — xA 


Fig 138 — Mode of Production of Unipolar 
Lead Electrocardiogram 

D, P distal and proximal zones of muscle mass 
E electrode of unipolar lead 

1 Excitation associated with negativity begms in 

proximal zone deflection downwards 

2 Owing to spread of excitation, negativity also 

develops in distal zone record returns to 
base line 

3 Recovery begms in proximal zone deflection 

upwards 

4 Recovery extends to distal zone record 

returns to base bne 







244 


NORMAL ELECTROCARDIOGRAMS 


By convention, negativity at the cranial or at the right-hand electrode 
is recorded as an upward deflection Representative records are shown m 
Fig 139 

These limbs are still the most useful for the majority of clinical purposes , 
they are, however, difficult to account for m terms of current flow m the heart 
Each of the two electrodes m the bipolar leads is affected by the related 



Fig 139 — Simultaneous Electrocardiograms m Normal Person Leads I, II, III and 
Chest Lead 1 (CR 4) (Cardiographic Department, Middlesex Hospital ) 


proximal and distal zones The deflection recorded thus represents the 
algebraic sum, at any moment of the potentials at each lead The classical 
limb curves can be derived from the unipolar limb lead curves thus 

Lead I=Lead VL— Lead VR 
Lead III=Lead VF— Lead VL 2 

(2) Bipolar Chest Leads — The exploring electrode is placed on any 
one of the seven chest positions called 1-7 , the other electrode is placed on 
1 The lead is from chest position 4 and the right arm , the record closely resembles the 

unipolar chest Lead VC4 (Fig 143) 

a It can be shown that Lead II=Lead I+Lead III 
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the right arm (=Leads OR 1 to 7), left arm (=Leads CL 1 to 7) or left leg 
(=Leads CF 1 to 7) 

Origin and Spread of the Cardiac Impulse — The cardiac impulse 
arises normally m the smo-auricular node, spreads over the wall of the 
auricles and thus reaches the aunculo-ventncular node It then passes 
down the bundle of His, its branches and termmal ramifications, exciting 
the septum, apex and base of the ventricles in that order The evidence 
for these statements is as follows 

Sino-Auricular Node — (1) The smo-auricular node or pacemaker, initiates 
the cardiac impulse and thus indirectly sets up the heart beat This node 
becomes electrically negative before any other part of the auricle, proving 
that it is the first region to become active 

(2) The P wave represents the invasion of the auricles by the cardiac 
impulse Normally, m bipolar leads I, II, and III, P is an upward deflection 
It can be readily shown that the direction of the deflections recorded by 
a fixed pair of electrodes is related to the direction of spread of the impulse 
Thus m the muscle strip illustrated m Fig 140A, a stimulus applied at S 
causes the impulse to travel in the direction AB , activity develops first at 
A, recorded conventionally as an upward deflection, and then at B, recorded 
as a downward deflection If the stimulus is applied at S' the impulse travels 
m the direction BA , activity develops first at B, giving an initial downward 
deflection, and then at A, giving a subsequent upward deflection Similarly, 
the normal upward direction of the P wave m the bipolar limb leads is related 
to the normal pattern of spread of the impulse through the auricles If the 
S A node is artificially stimulated during diastole, a new impulse is set up 
there which is associated with a normal P wave because the “ forced ” (u 
artificially induced) impulse is travelling along the normal route But if the 
impulse is set up from any other point on the auricles, the P wave is abnormal 
in character — flattened or inverted — showing that an unusual path has now 
been taken by the excitation process (Fig 166) 

When the unipolar leads are used, the direction of the P wave depends 
on whether the proximal or distal zone of the lead becomes negative first 
Thus in the unipolar right arm lead (VR) the P wave is normally a downward 
deflection proving that the first region m the auricle to be excited is in the 
proximal zone of this lead, presumably m the right auricle In the unipolar 
left leg lead (YF) the P wave is normally directed upwards, proving that the 
initial auricular activity is m the distal zone of this lead, presumably m the 
upper part of the (right) auricle (Fig 142) 

(3) If the S A node is extirpated, the P wave m the bipolar bmb leads 
disappears or becomes inverted (Fig 140B), showing that a new site of 
impulse formation has been set up It is worthy of note that the new 
pacemaker usually proves to be the auriculo-ventricular node (ef p 286) 

(4) Cooling the S A node within physiological limits slows, and warming 
it quickens, the whole heart These effects cannot be produced from any 
other part of the auricle 

Spread in the Auricles — ■The impulse spreads out uniformly from the 
S A node over the walls of both auricles as a ripple spreads out over a pond 
into which a stone has been dropped, or as fluid, spreads when poured on to 
a flat surface It spreads through the auricular muscle to reach the muscular 
sleeves surrounding the openings of the great veins, and the auriculo-ventricular 
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SPREAD IN VENTRICLES 


node which lies m the posterior part of the right auricle No special con- 
necting band exists between the S A and A V nodes 

Bundle of His — Experimental evidence proves that the bundle of His 
is the sole connecting strand between the auricles and ventricles If the 
bundle of His is compressed, a proportion of the auricular impulses may fail 



Fig 140a — Effect of Direction of Spread of 
Impulse in Heart Muscle on Direction of 
Initial Electrical Deflection Direct LeadB 

S point stimulated on upper strip 
S' point stimulated on lower strip The initial 
deflection is upwards in the upper record, and 
downwards in the lower record 



(cat) taken 

(upper record) and after (lower 
record) crushing the region of the 
S A Node (Lead H) In the lower 
figure the rate is slower and the 
auricular wave P is inverted instead 
of upright, indicating a change of 
pacemaker Time in -jV sec (cf 
Figs 165, 166) (Lewis ) 


to reach the ventricles, the rate of which may, for instance, become only 
half that of the auricles If the bundle is completely divided in animalB 
or destroyed by disease m man, the auricles and ventricles are completely 
“ dissociated,” and beat quite independently one of the other , the auricles 
then beat at their usual rate in response to impulses generated in the S A node, 
while the ventricles beat much more slowly — thirty to forty times per minute 
— m response to a new rhythm centre m their own substance, probably 
situated m the part of the bundle below the pomt of section (cf p 283 and 
Eig 162) 

Spread in the Ventricles — The impulse spreads down both branches 
of the bundle of His to reach the right and left ventricles separately Fig 141 
illustrates the time relations of the activation of the various parts of the 
ventricles The anterior septal region is excited first, whence the impulse 
spreads to the right anterior and right posterior ventricle The apex and 
left posterior ventricle are usually excited later Lastly the base of the heart is 
invaded Note that oom=r.ondmr points in the right ventricle are affected 
before those in the lei i \ c>ni \ icio ii takes the impulse 0 013 second to pass 
from the bundle of His to the apex, and 0 04 second to arrive at the endo- 
cardial surface of the base of the left ventricle The impulse is earned from 
apex to base by the Purkmje fibres , injury to the endocardial surface of the 
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heart beneath -which this tissue lies, delays the propagation of the Impulse 
From each pomt on the endocardium, the excitation process affects the 
correspondmg part of the epicardial surface The last part of the heart to 
become excited is the epicardial surface of the base of the ventricles, after 
0 055 second in the case of the right 
base and after 0 065 second for the 
left base It must be noted that the 
whole of both ventricles is invaded 
by the excitation wave in well wider 

0 1 second 

The figures quoted above are 
based on results which have been 
obtained m the dog by the electrical 
method of timing the arrival of the 
impulse at various points on the 
ventricles Essentially similar re- 
sults have, been obtained by direct 
observations on the exposed heart m 
man 

If one branch of the bundle is 
divided (say the right branch), the 
left ventricle receives its impulse 
normally, but the impulse reaches 
the affected right ventricle only 
after some delay, because it must 
spread across from the normally stimulated left side to reach the right 
ventricular muscle and the right branch of the bundle below the side of the 
block (cf p 285) 

Rate op Conduction — The rate of conduction in the auricular wall is 

1 metre per second, in the A V node 0 2 metre per second, m the bundle of 
His and Purkinje fibres 4 metres per second, and in the ventricular wall 
0 4 metre per second 

Interpretation of Waves of Human Electrocardiogram — Auriculae 
Complex (P Wave) — (1) Limb Leads I, 11 and 111 (Fig 139) — The first 
upward deflection P has a rounded or pointed summit, and its duration is 
0 1 second It represents the passage of the impulse from the smo-auricular 
node over the auricles , the A V node is reached at about the summit of P 
The magnitude of the P wave is some guide to the functional activity of the 
auricular muscle In mitral stenosis the left auricle is hypertrophied, and 
correspondingly the P wave is prominent, or bifurcate In auricular fibrilla- 
tion. the P wave disappears and is replaced by a senes of fine irregular 
oscillations, corresponding to the rapid irregular excitation of the auricles 
(Fig 172) If the cardiac impulse arises in an abnormal focus and spreads in 
other than the usual direction, the P wave is altered or even inverted, 
becoming a downward deflection (Fig 166) The P wave may be prolonged 
if the spread of the excitation^ process is\ delayed as a result of auricular 
disease 

(2) Unipolar Leads — The features of the P wave m these leads are shown 
m Figs 142 and 143 It should be noted that P is normally inverted in Lead 
VR , in fast records P is seen to consist of several small deflections n.< 



Fig 141 — Diagram to illustrate the Time 
Relations of the Spread of the Excita 
tion Process m the Ventricles of the 
Dog The figures represent time in 
seconds , zero time, 0000, represents 
the arrival of the excitation process at 
the top of the interventricular septum 
(Lewis ) 
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Conduction Time of Bundle of His (P-R Interval) — The time 
interval from the beginning of P to the commencement of R, % e the P-R 
interval, is a gmde to the conduction time of the bundle of His When the 
classical limb leads are used the true conduction time is the interval from the 
top of P (when the A V node is excited) to the beg innin g of Q (when the 
invasion of the ventricles commences) It is easier, however, to measure the 
P— R interval (the Q wave is inconstant and of small size), and undoubtedly 
it is mainly taken up by the passage of the impulse along the bundle and its 
branches The P-R interval in health varies between 0 13 and 016 second, 
the extreme limit of the normal bemg 0 2 second When it exceeds 0 2 
second there is delayed conductivity m the bundle of His When the P-R 
interval is shorter than normal, the impulse has probably arisen in the A V 
node and has therefore excited the ventricles sooner than is normally the 
case (cf Fig 165 and p 286) 

Ventricular Complex (QRST Waves) —Following P there is a brief 
isoelectric period , a succession of deflections then appears, namely Q, a 
small (often inconspicuous) downward one , R, a prominent upward one , 
and S, another downward one , the record then returns once more to the 
base line The duration of QRS m man is about 0 08 sec , the upper hmit 
of the normal is 0 1-0 12 sec The final T wave is a broad upwardly directed 
deflection, with an average duration of 0 27 sec The duration of QRST is 
thus about 0 4 sec The upstroke R just coincides with the onset of ventricular 
systole , the end of the T wave coincides approximately with the end of 
ventricular systole or may outlast it slightly 

Interpretation of QRST. — Because of the complex way in which the 
electrical records are produced when bipolar leads are employed, this question 
must be considered principally with reference to unipolar leads Fig 142 
shows the probable distribution in man of the proximal and distal zones of 
unipolar hmb leads VR, VL, and VF, and the corresponding electrocardio- 
grams , the distribution of these zones has been estabhshed with considerable 
accuracy m the dog As these zones and their related electrocardiograms are 
similar in dog and man, the results obtamed in the dog are probably a useful 
gmde to the events which occur m the human heart The proximal zone of 
each lead corresponds to that portion of the heart which is subtended when a 
sohd cone (whose walls are tangential to the heart surface) is projected on it 
from ( 1 ) the central point m the right shoulder m Lead VR , (n) the central 
point in the left shoulder m Lead VL , (lii) a point at the centre of the 
junction of the torso with the left hind limb in Lead VF 

In all leads QRS represents the stage of mvasion, the ST segment and the 
T wave the stage of repolarization 

(1) Unipolar Right Arm Lead (VR) — In the dog the proximal zone of 
this lead is the anterior right ventricle ( except the right apex), the right lateral, 
and the right posterior ventricle, the upper two-thirds of the interventricular 
septum and the basal paraseptal portion of the anterior left ventricle The 
distribution is similar m man The rest of the heart (except for a narrow 
intermediate zone) is the distal zone The initial ventricular deflection in 
dog and man is a downstroke,__Q, which represents negativity. starting in the 
proximal zone It is followed by an upstroke, R, representing development 
of relatively greater negativity m the distal zone There is then a short 
downstroke, S, representing momentary preponderance in proximal zone 
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UNIPOLAR LIMB LEADS (VR, VL, VF) 


negativity, this is followed by a return to the base line (isoelectric line), 
representing balanced activity of proximal abd'”chstal "zone QRS (m all 
leads ) corresponds in time and duration with the period of invasion of the 



Fia 142 — Approximate Distribution of Proximal and Distal Zones of Unipolar 
Limb Leads VR, VL and VT of Human Heart and corresponding Electro 
cardiograms (Modified and redrawn from Nahum and Chemoff, m Fulton’s 
Tcxlbool of Physiology, W 33 Saunders Co , 1949 ) 

VII =■ unipolar right arm lead VL=unlpolar loft arm lead VF= unipolar left leg lead 

ventricles and is the resultant of the complex electrical interference between the 
proximal and distal zones which occurs during the spread of the invasion process 
The duration of the stage of possession at any point is unknown The 
rest of the ventricular complex, i e the ST segment and T wave, is due 
predominantly to the complex pattern of repolarization As relative negativity 
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UNIPOLAR CHEST LEADS 


m the proximal zone produces a downstroke, relative positivity m this region 
produces an upstroke , the reverse is the case with the distal zone In 
Lead VR, after a short isoelectric period, there is a well-marked inverted 
(downward-directed) T wave, indicating that repolanzation is proceeding 
more rapidly m the distal than in the proximal zone Direct experiment 
shows that the left apical region (which lies m the distal zone of Lead YR) 
repolarizes first 

(2) Unipolar Left Arm Lead (VL) — In the dog the proximal zone is 
the upper two-thirds of the anterior surface of both right and left ventricles, 
and the basal portion of the posterior surface of both ventricles , most' of 
the rest of the heart is in the distal zone The ventricular complex m Lead 
VL is readily affected by changes m the position of the heart When the heart 
is vertical, VL tends to resemble VR there is a short initial upstroke R 
(negativity in distal zone) followed by a big downstroke S (negativity in 
proximal zone) and a quick upstroke to base line The T wave is inverted 
When the heart is m the normal semi-transverse position, VL tends to 
resemble VR , there is no Q wave and R is large and upright , the record 
then returns to the base line , T is upright 

(3) Unipolar Left Leg Lead (VF) — In the dog the proximal zone 
is the left apex, the major portion of the posterior left ventricle, and 
the lower thirds of The anterior left ventricle There is an initial large 
upward R wave (initial negativity in the distal zone), then a downstroke 
S (predominant negativity m the proximal zone) and return to base line 
T is erect 

T Wave — The following general statements may be made about the 
T wave m any unipolar lead 

(i) A “ flat ” or absent T wave indicates an equal rate of repolanzation of 
the distal and proximal zones 

(n) An upright T wave indicates that repolanzation is relatively slower 
in the distal than m the proximal zone 

(m) A downward T wave indicates that repolanzation is relatively slower 
m the proximal zone 

Deviations from the normal appearance of the T wave m any lead indicate 
abnormalities m the pattern of the repolanzation process The T wave is 
readily modified by many conditions, eg anoxia, ischaemia, apphcation of 
heat or cold to the heart or by large doses of digitalis, for the reasons just 
stated 

U Wave — Nothing is known about the mode of production of the U 
wave, which is seen m certain leads (e g VF and some of the chest leads) 
It occurs early m ventricular diastole 

(4) Unipolar Chest Leads — Fig 143 shows the proximal zones of the 
chest positions 1-6 and the corresponding electrocardiograms (VO 1-6) As 
the exploring electrode is moved across the chest different parts of the heart 
become respectively the proximal, intermediate, and distal zones with corres- 
ponding changes m the configuration of the ventricular complex On moving 
from position 1 to 6 the electrical changes in normal man are as follows 

(i) No Q wave is present until position 5 or 6 is reached 

(u) R increases in amplitude from position 1 to a peak at position 
4 or 5 

(in) The apex of R occurs progressively later from position I to 6 
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(iv) The Sis usually biggest 

m the right-hand positions t 
and declines or disappears m I / \ 

position 6 /RA/ (\*-AV 

(v) The ST segment (u / / RAV V\ 

from the end of S to the be- \ \ 

g innin g of T) is approximately V InJx'T’' \c cx\ \ 

isoelectric m positions 1 and 6 , \ 

but is displaced above the base J 

line in the other positions 

(vi) T is inverted in posi- 
tion 1 , is upright m the other > , R > 

positions and is usually maxi- | j * 1/ 1 | 

mal m position 4 V C - t ■’ 1 "™™ “ 

(vu) U appears m some »Vg y T 

leads, usually in positions 2 ^ f\ i , — „ 

and 3 VC- 2 I 

The deflections are to be \f 1 “ 

interpreted in terms of zonal 1 V s T I 1 MV 

interference of depolarization p A j — U L 

and repolanzation as m the v C - 3 • \ ^ > ■> 

case of the umpolar limb leads All 

(5) Classical Limb Leads A' s A. 

— The changes m the QRST p \ u 

deflection that occur m patients yc -4 — » nf ^ " - 1 ■ 

have been carefully correlated AyL 

with the climco-pathological l\ . T 

findings in many disease states P / \ | 

and are discussed on pp 254 V C - 5 » 

et seq and 283 et seq The u V 5 

empirical interpretation is of A y 

great value , a theoretical f* f\ 

analysis of the curves is diffl- VC - 6 *** " m y 1 ~ m 

cult for the reasons already q S 

given (p 244) ► 

Electrocardiographic SEC 0 13 0 08 0 27 

Changes in Myocardial Fig 143 — Approximate Distribution of Proximal 

Lesions — Lesions of the Zones of Unipolar Chest Leads in Human 

ventricular myocardium may Heart and corresponding Electrocardiograms 

bo produced experimentally ST fZZo S 

( 1 ) by a local application of a Saunders Co 1949 ) 

0 2M KC1 solution wllicll right auricle 

depolanres tile surface mem- &y 
brauo of the affected muscle »” 
fibres, (n) by tying various -o, 5, 4 
blood vessels to produce 

patches of ischaemia and consequent death of the affected areas Clinically, 
localized cardiac ischoemia may result from the occlusion of coronary vessels 
by thrombus or the occurrence of coronary spasm These myocardial lesions 
give rise to distinctive electrocardiographic patterns The initial deflections 
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VC-2 


VC-3 


VC-4 


VC-5 


Q S 

— -h-4* 
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Fig 143 — Approximate Distribution of Proximal 
Zones of Unipolar Chest Leads in Human 
Heart and corresponding Electrocardiograms 
(Redrawn from Nahum and Chernoff, in 
Fulton’s Tcxlbool of Physiology, W B 
Saunders Co 1949 ) 

It \ right auricle 

It\V right anterior a entnclc 

LAV left anterior a entncle 

On outline of heart areas 1, 2, 3 , 0, 5, 4 represent proximal 
zones of corresponding unipolar chest leads VC 1, -2, -3 
-G, 5, 4 
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of the ventricular complex (representing the stage of invasion) may be 
comparatively unaltered, but the later phases of the complex are markedly 
changed In Fig 145, (a), Lead I, following the peak of R, the downstroke S 
sets m Normally, S descends to the base line or below , in this case, however, 
after a partial descent the record is continued for about 0 2 sec as an approxi- 
mately horizontal line (indicated by the arrow) which runs well above the 
normal base line This abnormality is called upward deviation of the ST 
segment The record finally descends to the base hne and is followed in tbs 
instance by a small inverted T wave In Lead III, the initial deflections 
R and S are normal , but, after the end of the downstroke S, the record does 
not rapidly return (as it should) to the base line There is a partial ascent, 
after which the record continues for 0 2 sec as a horizontal line (indicated 
by the arrow) well beloiv the base line , this abnormality is called downward 
deviation of the ST segment The record finally rises to the base hne 

The mode of production of these changes is not fully understood, but the 
following explanation is usually offered When a region of the heart is 
damaged, the affected area generates an injury potential (Fig 144) as is 
the case with nerve fibres As a result, the base hne of the electrocardiogram 
during diastole is deflected away from its normal isoelectric position If 
unipolar leads are employed, the direction of the deflection is downwards 
when the injured area is in the proximal zone of the lead , the direction of 
the deflection is upwards when the injured area is in the distal zone of the 
lead The magmtude of the deflection is related to the extent of the injured 
area During the heart beat following the injury, the stage of invasion 
(“ depolarization ”) is accompanied by approximately normal electrical deflec- 
tions During the stage of possession, however, the injury potential is sup- 
posed to be temporarily suppressed After the peak of R or S, the record 
consequently returns to, and stays for a short time at, the vre-mjury isoelectric 
level The way m which this remarkable change is brought about has not 
been clearly explained During the phase of recovery (“ repolarization ”), 
the injury potential reappears , the record returns to the initial injury level 
The so-called deviation of the ST segment which this record displays is thus 
attributed to the transient disappearance of the mjury potential The 
latter part of the ventricular complex’ may be further modified for the fol- 
lowing reason as the injured area does not undergo repolarization the 
pattern of repolarization in the ventricles as a whole is altered with resulting 
changes in the ST segment and the T wave 

Fig 144 illustrates diagrammatically the changes produced by damage to 
the ventricular wall In Fig 144, Lead I, the injury is presumed to be situated 
m the proximal zone of the recording leads The normal base hne (N) is 
deviated downwards by the injury potential to the abnormal position I 
During the stage of possession, the record temporarily returns to the normal 
base line N, producing the so-called upward ST deviation In Fig 144, 
Lead III, the injured area is presumed to be situated m the distal zone of the 
recording leads The normal base hne N is deviated upwards by the injury 
potential During the stage of possession, the record temporarily descends 
to the normal level N, producing the so-called downward ST deviation 
In Fig 144, lowest record, similar changes to those shown diagrammatically 
m Lead I, were produced experimentally by applying a KOI solution to the 
surface of the cat’s ventricle, producmg a transient local mjury In such 
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an experiment, if tlie post-injury record alone were available, the changes 
could hardly fail to be misinterpreted The abnormal base line I would be 
regarded as the normal isoelectric level The transient disappearance of the 
injury potential would be regarded (as it had been m the earlier clinical studies) 
as a deviation of the ST segment In clinical lesions of the heart, the record 
can hardly ever show the moment of development of the injury It seems 



Fiq 144 —Diagram to illustrate the Effects on Electrocardiogram of Localized Injury 

to Ventricular Wall 

? Normal base line, i e true isoelectric level Time in 0 1 sec 

b "Ut of base line produced by injury potential set up by damaged area 
upper Record Lead I Left hand Control Eight hand following lesion in proximal zone of recording 
,, , „ ar -* 3 Ease line deflected downwards 

Mxaaie Record Lead III Left hand Control Eight hand following lesion in distal zone of recording 
~ Je d Base line deflected upwards 

JjOtcer Record Left hand diagram to show that injury causes current flow from normal to injured area 
Eight hand record showing effect of applying a" KCI solution to surface of cat s ventricle The 
base line is deflected downwards (lesion in proximal zone of recording lead) This record (modified) 
is from an experiment by W P Lloyd and S Salama 

reasonable to suggest that the changes observed clinically m the ST segment 
and T wave should be interpreted in the manner indicated above 

The injury potential which produces the so-called ST deviation, and any 
repolarization changes that may develop, can only be recorded if they occur 
m the proximal or distal zone of the leads employed Should they occur m 
the neutral intermediate zone, they do not affect the recording electrodes 
Cluneal cardiac lesions generally affect the classical limb leads , but should 
the lesion be m the neutral zone for these leads it would not be detectable 
In a minority of cases the characteristic changes are only observed m chest 
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leads or unipolar limb leads A careful study of many leads also enables the 
position of the lesion to be locabzed with considerable accuracy on the basis 



Fig 145 — Diagram illustrating the Changes in the Ventricular Completes in Leads I and 
III after Coronary Thrombosis affecting Anterior Surface of Ventricles (Parkinson 
and Bedford, Heart, 1928, 14 ) 

{a) Elevated ST segment in Lead I and depressed ST segment in Lead III , [b) T wrv es becoming e\ idcnt, 
(e) ST displacement disappeared The T wavo flnallj points in the opposite direction to the original 
ST displacement in each lead 


of the extensive correlations that have been estabished between the distinctive 



Fig 146 — Electrocardiogram 
taken Four Days after the 
Development of Coronary 
Thrombosis affecting An- 
tenor Surface of Ventricles 

In Lead I the ST segment (marked by 
arrow) is elevated above the iso 
electric hne , in Lead. HI the ST 
segment (marked by arrow) is 
depressed below the Isoelectric 
line 


features of the records and the post-mortem 
findings 

Clinical Ischemic Patterns — When the 
left anterior descending coronary artery is 
occluded clinically with resultmg ischaemia 
(infarction) of the anterior surface of the 
ventricle, curves like those shown in Figs 
142 and 143 are obtained Soon after the 
development of the lesion there is upward 
deviation of the ST segment in Lead I and 
downward deviation of the ST segment m 
Lead III , the T wave may disappear As 
healing occurs the injury potential is reduced 
in magnitude and the ST deviation becomes 
correspondingly smaller Abnormalities of re- 
polarization persist as shown by abnormalities 
of the T wave, e g inversion in Lead I (Fig 
145 (b)) After a week the S wave may return 
to the isoelectric hne indicating that the injury 
potential is no longer produced The T wave 
(i e repolarization) abnormalities persist , m 
Fig 145 (c) the T wave is inverted in Lead I, 
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RIGHT AND LEFT AXIS DEVIATION 

while m both Leads I and III the T wave points in the opposite direction 
to the original ST deviation (In some clinical anterior cardiac infarcts there 
is no ST deviation in Lead I but there is an upward deviation in Lead III ) 
If the posterior descending coronary becomes occluded clinically, the 
changes found are the opposite of those shown m Fig 145 , m Lead I the ST 
deviation is directed downwards and in Lead III upwards 
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Fig 147 — Electrocardiogram m Right and Left Axis Deviation 

A Right axis deviation (m a woman with mitral stenosis) The T wave is 
inverted in all leads because of treatment with digitalis 

B Normal record 

C left axis deviation (m a u Oman aged 52 with hypertension , BP 245 mm 
Hg systolic, 145 mm diastolic , enlarged left ventricle 

Right and Left Axis Deviation — Clinically one frequently obtains 
curves characterized by a tall R wave m Lead I and a big S wave in Lead III 
These are called examples of deviation of tbe mam electrical axis of the 
heart to tbe left, or briefly left axis deviation (Fig 147, C) Conversely a big 
S in Lead I and a big R in Lead III is called right axis deviation Such 
axis deviation is noted, with mechanical displacement of tbe heart or with 
the movements of the heart which occur with the phases of respiration 
Hypertrophy of the left ventricle , suen as occurs as a result of chronic arterial 
hypertension or aortic incompetence, is associated with left axis deviation 
(Fig 147, 0) Conversely hypertrophy of the right ventricle, eg from 
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emphysema of the lung or mitral stenosis, is associated with right axis 
deviation (Fig 147, A) The whole QRS complex may be prolonged because 
the greater thickness of the affected ventricle may modify the rate of 
development of the excitation process 

These changes can be accounted for by reference to the principles set out 
on p 248 A displacement of the whole heart or a change in the relation of 
left to right ventricle alters the position of the proximal and distal zones of 
certain leads The deflections m Lead VL when the heart is m the erect 
position are different from those with the heart in the semi-transverse position 
(p 250) It will also be recalled that 

Lead I=Lead VL — Lead VR, 
and Lead 111= Lead VF — Lead VL 

Characteristic changes would then be expected to occur in Leads I and III , 
such is actually the case 

The electrocardiographic findings m disorders of the cardiac rhythm are 
considered on pp 282 et seq 


PRESSURE CHANGES IN THE HEART AND BLOOD VESSELS 1 

Methods Employed — In the most accurate work, optical methods are 
employed In animal experiments a glass tube filled with anticoagulant fluid 
is introduced directly into the chamber of the heart to he examined The 
external end of the tube is closed by a tense rubber membrane upon which a 
small mirror is fixed Pressure changes in the cavity produce oscillations of 
the mirror which reflects a beam of hght on to a moving photographic plate 
The pressure changes m the right auricle and the right ventricle have been 
recorded m man by replacing the glass tube by a rubber tube which is intro- 
duced mto an antecubital vein and passed along the venous system to enter the 
right auricle, or pushed further into the right ventricle (Cournand’s method, 
cf pp 260, 279) Indirect information about the right auricular pressure 
changes m man can be obtamed from the jugular venous pulse tracing 
(p 259) 

The volume changes in the heart during the phases of the cardiac cycle 
under varying conditions can be determined by means of a cardiometer this 
is a glass vessel resembling a thistle funnel which is placed over the ventricles 
and is fitted round the auriculo-ventricular groove It is connected with a 
piston recorder which writes on a moving smoked surface 

Pressure Changes in the Ventricles — (1) Isometric Contraction Phase — 
At the onset of ventricular systole, the pressures in the auricles and ventricles 
are approximately the same , the auriculo-ventricular valves are floating into 
apposition As the ventricular muscle contracts, the ventricular pressure 
rises steeply , the A V valves 2 are shut, and bulge slightly in a dome-shaped 
manner into the cavity of the auricles, causing a sudden rise of intra-auricular 
pressure No blood can yet leave the ventricle, because the intraventricular 
pressure is still lower than the mtra-aortic , the tension m the ventricle is 
rising, but no shortening of the muscle occurs yet This isometric contraction 

1 Wiggers, Pressure Pulses in the Cardiovascular System, London, 1928 
* A V = auriculo-ventricular 
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phase lasts 0 05 second Its duration is constant under different circulatory 
conditions and is not affected by alterations m the heart rate (see Fig 148) 
(2) Maximum Ejection Phase — When the intraventricular pressure rises 
higher it exceeds the mtra-aortic, and the semilunar valves open Rapid 



Fig 148 — Diagram of Pressure, Volume, and Electrical Changes m Heart and Blood 
Vessels during the Cardiac Cycle (Modified from Lewis and Wiggers ) 

Vol =Yolume curve of left ventricle , Jug =Jugular venous pulse , Aur =Intra auricular pressure , 
Vent =Intra\entricular pressure , Elect =Electrocardiogram , Aorta=Intra aortic pressure tracing , 
Car and Rad =Carotid and radial pulse , S 0 , S C = Opening and closing of semilunar valves , 
A \ 0 — Opening of aunculo ventricular valves The duration of the cj cle is 0 8 second, corresponding 
to a heart rate of 72 per minute 

ejection of blood occurs, and the volume curve shows that the ventricle is 
rapidly diminishing m size Ab the ventricular muscle shortens, the base of 
the heart descends and pulls down the auriculo-ventncular ring , the cavity 
of the auricle is therefore enlarged, causing an abrupt fall of pressure within it 
The ventricle and aorta now form one continuous chamber The aortic 
pressure thence passively follows the intraventricular, but at a shghtly 
9 
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lower level In this phase of maximum ejection the pressures m the ventricle 
and aorta rise to their summit 

(3) Reduced Ejection Phase — The systolic discharge now lessens and little 
further change in the volume of the ventricle occurs All parts of the ventricle 
do not contract for the same length of time , during the latter part of systole 
some portions of the ventricles cease to contract, and as fewer “ umts ” are 
functioning the pressure in the ventricles begins to decline slowly During this 
period more blood is escapmg from the aorta (into the more distal vessels and 
ultimately into the capillaries) than is reaching it from the heart 

The ejection phase is variable in length, and is chiefly responsible for 
the variations m the duration of systole It lasts 0 2-0 25 second The 
total duration of systole is best estimated m man by accurately timing the 
interval between the onset of the first and second sound When the pulse rate 
is over 100 per minute, systole lasts less than 0 25 second , between 80-100, 
about 0 25 second, 65-80, about 0 28-0 3 second, under 65, longer than 
0 3 Becond 

(4) Ventricular diastole now sets m, and the intraventricular pressure 
drops very sharply A backward flow towards the heart occurs in the aorta, 
and is halted by the closure of the semilunar valves The pressure within 
the ventricle continues to fall steeply as the muscle relaxes, but through- 
out this period ( isometric relaxation phase) the ventricle is a closed chamber, 
and there is no alteration in the length of the muscle fibres 

(5) The auricular pressure which has been riBing throughout the greater 
part of ventricular systole now exceeds the intraventricular The A V valves 
open because of the difference of pressure between the two chambers, and 
rapid inflow of blood into the ventricle occurs It is very important to note 
that during early diastole a large percentage of the total ventricular filling 
— i e about 60% — takes place in this way , a good deal of blood can 
thus enter the ventricles in the absence of any effective auricular contraction as m 
auricular fibrillation (p 293) As the auricular and ventricular pressures 
become equal, little further inflow into the ventricle occurs When the 
diastolic pause is a long one, very little additional increase m ventricular 
volume takes place (phase of diastasis) 

(6) Auricular systole now sets m, and the contents of the auricle are driven 
into the ventricle On an average, auricular systole only contributes 35% of 
the total ventricular output The exact proportion is dependent on 

(l) Time m diastole at which auricular systole occurs 
(n) Vigour of auricular systole 

(m) Completeness with which the ventricle is already filled 

If the auricle contracts after a short diastole it may contribute a consider- 
able amount of blood, up to 60% of the ventricular output If it contracts at 
the end of a long diastole, the ventricle may already be so full that the auricle 
can contribute relatively little Auricular systole lasts about 0 1 second 

Pressure Changes in the Auricles — The pressure changes in the 
auricles may be briefly summarized (Fig 148, Aur ) 

(1) The first positive wave is due to auricular systole All the fibres of the 
auricle do not contract simultaneously — “ fractionate contraction ” occurs , 
the fibres nearest to the S A node contract first, and so the mtra-auricular 
pressure begms to rise At the height of the wave most of the auricular 
fibres are in action Late m auricular systole relaxation has begun m 
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most of the fibres , only a few are still contracting, and so the pressure 
falls 

(2) The second positive wave is due to the bulging of the A Y valves 
which occurs at the onset of ventricular systole (p 256) 

(3) A sudden fall of pressure then occurs This is due to 

(i) The negative mtrapleural pressure, which pulls on the relaxed auricle 
and enlarges its cavity 

(u) The ventricular muscle shortens, pulls down the A V ring (p 257), 
and also helps to enlarge the cavity of the auricle, so that the pressure within 
it falls 

(4) The pressure rises ( third positive wave) as blood accumulates m the 
auncle while it is still shut off from the ventricles by the closed A V valves 
This wave continues beyond 
the end of ventricular systole 
to the end of the isometric 
relaxation phase When the 
ventricular muscle relaxes, the 
A V nng moves up again 
The cavity of the auricle is 
thus made smaller, and this 
helps further to raise the 
pressure within it 'The A V 
valves now open, the auricle 
empties itself into the vent- 
ricle, and the pressure falls 
rapidly 

The behaviour of the auricle 
during the cardiac cycle may 
be compared with that of a 
concertina During ventricular Fig 149 — Simultaneous Normal Venous, Radial, 
systole its cavity is enlarged and Electrocardiographic Curves (Lewis ) 
by the negative pressure in Delay m transmission through the air of the rubber tubing 
the thorax and the downward “ t0 "" * 

movement of the A V nng , 

with the onset of diastole it is compressed by the asoent of the A V ring 

Jugular Pressure Tracing — A good idea of the pressure changes in 
the right auncle m man can be obtained by recording the pressure changes 
m the jugular vein The right vein is employed, because it is in a direct 
line with the superior vena cava and right auricle A small metal cup is 
placed over the vein and connected with a sensitive Marey’s tambour By 
means of Mackenzie’s polygraph, simultaneous jugular and radial tracings can 
be obtained (Fig 149) 

The jugular tracing shows three positive waves, called a, c, v, 
respectively 

a Wave — The a wave is due to auricular systole As the pressure m the 
auricle rises it becomes more difficult for the jugular vein to empty itself, so 
that the pressure within it is increased As already mentioned, there is a 
sleeve of auricular muscle which surrounds the opening of the great veins, 
and closes the orifice of the Bupenor vena cava during auricular systole by a 
sphincter-like action No regurgitation of blood into the great veins occurs 
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during auricular systole The pressure within them rises because of stasis 
of the blood stream, producing the a wave 

c Wave — The c wave is due to the onset of ventricular systole causing 
bulging of the A V valves into the auricle and raising the pressure there 
The a-c interval, i e the interval between the beginning of the a and c waves 
respectively, is a guide to the conduction time of the bundle of His More 
exactly it is the interval between the onset of auricular and ventricular 
systole If the a-c interval exceeds 0 2 second, delayed conductivity of the 
bundle of His is present (Fig 161, p 283) 

v Wave — Like the third positive wave in the auricle, the v wave is due to (i) 
the filling of the auricle while the A V valves are shut, and (n) the upward 
movement of the A V ring which occurs at the end of ventricular systole 
The summit of the v wave marks approximately the end of ventricular systole 
The negative waves are labelled x, x', and y, and are caused m the same 
way as the depressions m the auricular pressure tracing 

The events m the jugular vein naturally occur slightly later than the corre- 
sponding events in the auricle The onset of the c wave precedes the primary 
wave in the radial artery by 0 1 second , the top of the v wave precedes the 
dicrotic notch by a similar interval (see Fig 149) 

The pressure changes in the jugular vein are of importance in giving 
information about the human heart that could otherwise only be obtained 
electrocardiographically The a wave is an indication of auricular systole 
It is absent m auricular fibrillation and flutter, when the normal co-ordinated 
auricular contraction is lost An auricular premature contraction is associated 
with an early a wave (Fig 166) , a ventricular extrasystole may coincide m 
time with the normal auricular contraction and is therefore not preceded by 
an a wave (Fig 167) The a-c interval is an index of conductivity m the 
bundle of His It is prolonged m bundle lesions (supra) , it is less than 
normal when the impulse arises in the A V node 

Human Right Ventricular Pressure Curves 1 — These curves resemble 
m their general outlines those obtained experimentally m animals (Fig 150) 
The pressure during diastole is about atmospheric, eg 2 mm Hg, and it rises 
to 20-25 mm Hg at the height of systole , there is some fluctuation in the 
pressure with the phases of respiration When there is obstruction m the 
pulmonary circuit the resistance to the flow of blood through the lungs is 
increased and as a result the right ventricle must contract more vigorously , 
right ventricular pressure consequently rises Such changes occur in pulmonary 
fibrosis and in the later stages of congestive heart failure (cf p 460) When 
the right ventricle begins to fail it does not empty itself completely during 
systole and consequently ventricular diastolic pressure rises , in one case 
studied (Fig 150), right ventricular pressure was about 20 mm Hg during 
diastole and 80-100 mm Hg at the height of systole , when clinical improve- 
ment set m the curves became more normal 

Aortic Pressure Changes — (1) The semilunar valves open 0 05 second 
after the onset of ventricular systole Blood now passes from the ventricle 
into the aorta, and the aortic pressure rises smoothly to a maximum During 
the latter part of systole the pressure in the aorta falls slightly the ventricle 
is now in its reduced ejection phase, is contracting less forcibly and is expelling 
relatively little blood The inflow into the aorta from the heart is now less 
1 Conmand et al , Proc Soc exp Biol Med , 1944, 55, 34 
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than the escape from the aorta and arteries into the capillary bed It is 
possible that through the smo-aortic nerves the peripheral resistance is 
reflexly diminished towards the end of systole, aiding the outflow of blood 
from the arterial system (Pig 148) 

(2) When ventricular diastole sets m, the pressure m the ventricle drops 
sharply This causes a backward flow in the aorta together with a Bimilar 
drop m aortic pressure termed the incisura The fall of aortic pressure is 
halted by the closure of the semilunar valves, which causes a slight rebound 
of the column of blood and is responsible for small after- vibrations Another 
factor to be considered is that the aorta, which has been stretched during 
systole, now recoils Some of the blood contained within it is driven back 



Fig 150 — Right Ventricular Pressure Curves in Man, (Cournand el al 
Proc Soc exp Biol Med , 1944 55, 34 ) 

Upper Record Normal One respiratory cycle is shown 

Lower Record Case of congestive heart failure , mitral stenosis, aortic mcom 
petence, auricular fibrillation Note raised diastolic pressure (associated with 
increased right auricular and peripheral venous pressure) Marked elevation 
of right ventricular systolic pressure Cardiac output subnormal , total blood 
volume twice normal , systemic B P 210/90 Note respiratory variations 
associated with dyspnoea Time m 0 2 sec 


towards the heart and helps to close the valves, while some is driven on 
towards the periphery and helps to set up a second positive wave m the 
arterial system at the beginning of diastole 

The aortic pressure slowly falls throughout the rest of diastole as the leak 
through the arterioles into the capillaries continues 

Arterial Pulse — The blood which is suddenly thrown into the aorta 
during systole is accommodated partly by moving the entire arterial column 
on at greater velocity, and partly by stretching the arterial wall This 
increase of pressure and this arterial distension are transmitted from on e 
se gment of an arte ry to the nextT in the form of _ a wave^ the pulse wav e— 
which is ind ependent of the velocity of the blood flow T he ra t e of the bloo d 
flow varies inversely as tJie tota J Tcross-section of the vascular bed in a m/_ p_arl 
it is 0 8-1 0 metre per second m the aorta ana m its larger branches, consider- 
ably less m the arterioles and only about 0 5-1 0 millimetre per second m 
the capillaries It increases steadily in the veins the nearer one gets to the 
heart, owing to the decrease m their total cross-section The velocity of the 




262 


RADIAL PULSE 


pulse wave is considerably more rapid than that of the blood The average 
pulse ■wave velocity m metres per second at different ages is age 5, 5 2 , 
age 20, 6 2 , age 40, 7 2 , age 70, 8 3, with a range of 1 metre above or below 
these figures , i e the velocity mcreases as age increases 1 

These results enable us to determme the effect of age on the elasticity 
of arteries By elasticity of an artery is meant the percentage increase in 
the volume of the artery with each mm Hg increase m blood pressure It is 
related to the velocity of the pulse wave thus 


Elasticity= 


112 

(velocity of pulse wave) 


From these figures the elasticity at different ages can be calculated age 5, 
0 47 , age 20, 0 33 , age 40, 0 24 , age 70, 0 18 , there is thus a notable 
decrease m elasticity as age advances This means that with the same cardiac 
output the blood pressure is raised during systole more m older people than m 
younger as less fluid can be accommodated by distension of the arterial system 
Radial Pulse — Two waves are present — the primary wave and the 
dicrotic wave (Fig 149) In the radial artery the upstroke occurs 0 1 secona 
later than that m the carotid The tops of the waves are rounded and their 
amphtude is smaller Th e end of systole is approxi mately ind ic ated b v 
a rounded dicrotic dip or'hotch The primary wave (or percussion wave) m 
the radia l_ first rises ancTtiicn "falls towards the end of systole (as does the 
corresponding wave m the large arteries) ’The initial rise (expansion of the 
artery) is due to the fact that blood is pumped by the heart into the blood 
vessels more rapidly than it escapes into the capillaries , the later fall is due 
to the reduced ejection phase of the ventricle delivering less blood than is 
passing out through the arterioles (which may be reflexly relaxed) When 
the dicrotic notch is thus present on the downstroke, the pulse is called 
catacrotic m character 2 The dicrotic wave which follows the notch represents 
a modification of the vibrations set up by the closure of the aortic valves and 
the rebound of the blood from these curtains (See also Figs 161 et seq ) 

The details of the pulse form can only be studied m optically recorded 
tracings (e g as in Fig 149) For most clinical purposes records takeD 
with Dudgeon’s sphygmograph suffice 

A large primary wave may be due to (l) large output , (li) slow heart 
rate , (in) low peripheral resistance A small primary wave is due to (i) 
small output , (n) high peripheral resistance from increased arterial tone or 
(m) impaired elasticity of the vessels 

It can be shown in a circulatory model that the descending hmb of the 
pulse curve falls more steeply if the diastolic pressure is low, the arterial wall 
thick, or if aortic regurgitation is present Similarly, after injection of nitrites, 
stimulation of the aortic nerve to produce relaxation of the arterioles, and 
m aortic disease m man (p 298), a rapid downstroke is observed 

Circulation Time — By this is meant the time taken for the blood to 
travel from one point in the circulation to another It is thus a measure of 
the average linear velocity of the blood flow which is directly related to the 


1 Bramwell, Hill, and MacSwmey, Heart, 1923, 10, 233 

2 Occasionally a break or notch occurs on the ascent, which is termed the anacrotic 
notch Its significance is not yet clearly understood It is observed when the aorta is 
compressed, m aortic stenosis and in arteriosclerosis 
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cardiac output Thus a rise or fall m the cardiac output tends to produce a 
decrease and increase respectively m the circulation time The time can also 
be affected by local changes m the vascular bed, eg m the systemic veins or 
lungs The principle of the methods employed is to inject some substance 
into a systemic vein (unless otherwise stated an ante-cubital vein is used) and 
to determine the time of its arrival at some point m the systemic arterial 
system or in the lungs 

The substances commonly used are 

(1) Decholm (Na salt of dehydrocholic acid) — 5 c c of a 2% solution 
are injected rapidly into an ante-cubital vein When the drug reaches the 
mouth and pharynx it gives rise to an intensely bitter taste and Bmell The 
“ arm to tongue ” circulation time is the interval which elapses between the 
beginning of the injection to the first recognition of the hitter .taste The 
taste persists for 15-20 seconds 

(2) Sodium Cyanide 1 — 0 1 mg of NaCN per kg body- weight is injected 
intravenously On reaching the carotid body (and the aortic body) the 
chemoreceptors are stimulated and send up excitatory impulses to the 
respiratory centre The end point consists of dilatation of the alse nasi 
followed by a deep inspiratory gasp and 6-10 rapid breaths This gives the 
“ arm to carotid bifurcation ” time 

(3) Magnesium Sulphate 2 — 6 c c of a 10% solution of MgS0 4 are injected 
intravenously On reaching the throat there is a sudden start combined with 
an intense feeling of heat m the pharynx , the heatjs progressively felt m 
the Jace, hands, and finally in the feet The sensation passes off in 10-20 
seconds This method gives the “ arm to hand ” and “ arm to foot ” time 

(4) Ether 3 — 5 minims of ether (m an equal volume of saline) are injected 
intravenously When the ether reaches the respiratory passages it produces 
a gasp, cough, and a grimace, and ether can be smelt m the breath This 
method gives the “ arm to lung ” time 

The normal range of circulation time (under basal conditions) by the 
above methods m man is 

Decholm, 14-19 seconds Magnesium Sulphate, 6-16 seconds 

Sodium Cyanide, 12-33 seconds Ether, 3-9 seconds 

Clinical Value of Circulation Time Determination — (1) Metabolic 
Rate — There is a significant correlation between the basal metabolic rate 
(B M R ) and the circulation time , subjects with the highest BMR have the 
shortest circulation time Thus cases of hyperthyroidism with a raised 
BMR have a circulation time (decholm) which is below normal limits, e g 
9 4-11 8 seconds When the BMR is lowered by administering iodine or 
by partial thyroidectomy the circulation time rises Thus one case of Graves’ 
disease with a B M R of + 20 had a circulation time of 12 2 seconds following 
thyroidectomy the BMR fell to —28 and the circulation time rose to 
20 seconds 

(2) Decompensated Heart Disease — The circulation time is usually un- 
changed m compensated heart disease It tends to be prolonged as decom- 

1 Stead and Kunkel, Amer J med Set , 1939, 98, 49 Smith and Allen, Proc Staff 
Mayo Ghn , 1941, 7(5, 63 

2 Bernstein and Simpkins, Amer Heart J , 1939, 17, 218 

5 Baer and Isard Amer J med Set , 1940 200, 209, 
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pensation develops (though it may be normal even m advanced cases of 
decompensation) A single determination is of limited value, but repeated 
observations m the same individual may be a useful guide to the course of the 
case Fig 151 shows the range of circulation time and the average values in 
different grades of decompensation A normal ether time argues agamst the 
presence of right heart failure , if the ether time is normal and (say) the 
dechohn time is prolonged, there is probably slowed circulation in the lungs 
(indicative usually of pulmonary congestion) 

(3) State of Peripheral Vessels — Variations m the circulation m the 
systemic veins due to local conditions may affect the circulation time 

(i) With the hand (of the arm 



I ‘ used for the intravenous injection) 

S . _ I ' placed m water at 27° C , the NaCJN 

“ arm to carotid ” time was 47 
. seconds , when placed in water at 
40° C the time was 27 seconds 
- The difference ib due to slowed 
circulation m the arm veins produced 
' by local cold in the former case and 
the quickened circulation produced 
by local heat m the latter case and 
1 III 1 . is no guide to the state of the cardiac 

H I I output 

(a) The “foot to carotid” time 
i is much longer than the “ arm to 

^ • ‘ carotid ” time (38 7 seconds agamst 

A B c D E F 20 1 seconds m observations on about 

80 subjects) This difference is a 
Fio 151 — Magnesium Sulphate Circulation measure of the extra time taken by 

h“f “(S sss^'inr ™>» s w«d t„ 

kms, Amer Ht J , 1939, 17, 223 ) return to the heart The loot to 

A Compensated cases , B Dyspnoea on exertion , carotid ” time IS shortened by (®) 
C dyspncea and cyanosis, D dyspnoea, elevation of the legs (gravity pro- 
cyanosis, and pulmonary congestion, E as ,, ° 

in D and congestion of the liver , F as in E motmg the venOUS return) , (o) sym- 
and oedema or ascites pathectomy (arteriolar dilatation 

White bar mean of observations in each group speeding up the limb DlOOd llOWj , 

(c) a short bout of leg movements 
m the supine position (because of the resulting local vasodilatations and 
compression of the veins) , (d) alterations m skin temperature Folio wmg 
abdominal operations the “ foot to carotid ” time is progressively prolonged 
and may reach a maximum of 50% above the pre-operative level after 
5-10 days (The “ arm to carotid ” time is httle altered ) This considerable 
slowing down of the circulation m the legs occurs about the time when the 
incidence of post-operative thrombosis in the leg veins is maximal (cf p 149) 
Movements of the Heart — The heart is enclosed within the peri- 
cardium, which is fixed above to the great vessels and below to the central 
tendon of the diaphragm The fibres of the heart are arranged m a complex 


spiral manner „ , , , , , ,, 

(1) During systole, all the diameters of the heart are decreased and tne 
position of the organ alters The base and auriculo-ventncular ring descend, 
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the chest Frequently the first sound consists of two distinct groups of 
vibrations corresponding to (a) the isometric contraction phase, and ( b ) the 
ejection phase The presence of the latter group suggests that vibrations 
set up by the movement of the blood are also a contributory factor Most of 
the vibrations have a frequency of 25-45 per second The intensity of the 
first sound is not related to the cardiac output but to the tension developed 
during the isometric contraction phase 

Second Sound — This is of higher pitch, abrupt and clear, and is best 
heard at the base of the heart ~Ifi occurs precisely, at' the" onset of diastole 
and is due to closure of the semilunar valves m the aorta and pulmonary 
artery_ Its intensity vanes with the blood pressure m the great vessels at 

tli 0 , 76 'nset of diastole The duration of the second sound is 0 1-0 14 second , 

/ 

/ 
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Fia 153 — Simultaneous Electrocardiogram and Heart Sound Curve from a Normal Man 

The figure shows the timo relations of the electrocardiogram to the beginnings of the 1st and 2nd heart 
sounds (other heart sounds aro not shown) Points on the vertical line are simultaneous (Lewis ) 


it is composed of 3 or 4 principal vibrations with a frequency of 50 per second 
It corresponds to the notch which is constantly present on the upstroke of 
the v wave in jugular tracings m optical records (Fig 152) , it_may_precede 
(Fig 148), coincide withJFig 153), or follow the end of the T wave 

Third Sound"— Some fortunate observers claim to hear this sound by 
auscultation in a considerable proportion of normal subjects {eg 60%) Its 
duration is about 0 1 second , it coincides with the last portion of the descend- 
ing limb of the v wave, 1 e with the end of the phase of rapid filling of the 
ventricles which takes place 'when the auriculo-ventncular valves _ open 
early m diastole It is due to this inrush of the blood into the' ventricles 
setting up aTsenes of vibrations (Fig 152) 

Auricular (Fourth) Sound — This is graphically recorded as a complex 
group of vibrations commencing with the rise of the a wave^ of the venous 
pulse It is rarely heard on auscultation in normal people 

The auricular sound is well recorded graphically m cases of complete 
heart block (Fig 154) The sound then follows regularly on each P wave 
(which represents auricular excitation) and shows up clearly when 
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separated by a long interval from the sounds resulting from ventricular 
activity 1 

Cardiac Murmurs — These are generally produced when the blood flows 
through a narrowed orifice from one 
wider channel into another The murmur 
may be 

( l ) Systolic e g when blood (a) leaks 
back during ventricular systole from the 
ventricle into the auricle because of 
incompetence of the auriculo- ventricular 
valves (Fig 173) , ( b ) flows durmg 
systole from the ventricle through a 
narrowed aortic or pulmonary opening 
into the correspondmg artery , (c) flows 
durmg systole from the left into the 
right ventricle through a patent inter- 
ventricular septum 

(n) Diastolic e g when the blood 
(a) leaks back from the aorta mto the 
left ventricle durmg diastole because 
of incompetence of the aortic valves 
(Fig 174), or ( b ) leaks passively m cases 
of mitral stenosis from the overfilled left 
auricle mto the left ventricle durmg 
diastole of the heart because of the high 
mtra-auricular pressure (p 258) 

(m) Presystolic (i e coinciding with 
auricular systole) this murmur occurs 
characteristically when the left auricle 
during systole is driving its contents 
through a narrowed mitral orifice (mitral 
stenosis) mto the left ventricle (p 297) 

(iv) Systolic and Diastolic eg when the blood flows throughout the 
cardiac cycle from the aorta into the pulmonary artery through a patent 
ductus arteriosus (p 333) 

1 Reduplication of Heart Sounds — By reduplication of a sound is usually meant 
splitting of its component vibrations into two groups 

(1) Of first sound — (a) This may occur physiologically as an exaggeration of the 
separation normally existent between the two constituent groups of vibrations , (b) m 
bundle branch block when there is partial dissociation and asynchrony of the contraction 
of the two ventricles (very rarely) 

True reduplication may bo due to an audible auricular sound as when the auricle is 
hypertrophied or the P-R interval is unduly prolonged 

(2) Of second sound — Splitting may be duo to the asynchronous closure of the aortic 

and ” ’ — - (eg m branch bundle block) 

„ may be due to a louder third sound , if mitral stenosis is 

present it may be caused by a sound produced when the diseased valves are opened 
by the flow of blood into tho ventricle in early diastole (“ opening snap ” of mitral 
valves) 

The term “ triple heart rhythm ” ( gallop rhythm) describes the cadence produced when 
three loud sounds recur in successive cardiac cycles It may occur m healthy young 
subjects with a loud third sound For its significance m disease see Evans, Bnt Heart J , 
1943, 5, 205 6 



Records from above downwards are jugular 
venous pulse, heart sounds, and electro- 
cardiogram Note that each P vaie Is 
followed by an auricular sound (A) and 
by an * a ’ wave in the jugular pulse 
The ventricular complex (mainly an S 
u avc) is followed by the first and second 
heart sounds (1, 2) 
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REGULATION OE THE HEART RATE 1 

Nerve Supply of the Heart (of pp 709, 712) 

1 The Vagus —The connector fibres arise in the dorsal nucleus of the 
vagus and run in the vagus trunk to end m nerve cells m the smo-auncular 
and auriculo-ventncular nodes The right vagus chiefly supplies the SA 
node, and the left vagus ends mainly in the A V node From the nerve cells 
present m the two nodes, a second relay of fibres arises to supply the auricles, 
the bundle of His, and the base of the ventricles The apex of the ventricles 
receives no vagal fibres 

The vagus exerts a continuous restraining action on the rate of the heart 
( ionic inhibitory action) This is proved by the acceleration which follows 
section of these nerves m most animals, or “ paralysis ” of the nerve endings 
by atropine in man The degree of vagal activity, or vagal tone (vagal 
restraint) as it is called, is the chief factor controlling the rate of the human 
heart at rest 

Stimulation of the ‘peripheral end of the cut vagus produces the following 
effects which prove that the nerve can depress every part of the cardiac 
mechamsm (Fig 155) 

(l) S A Node — The rate at which impulses are elaborated here is dimin- 
ished, and so the whole heart is slowed (right vagus) 

(n) Auricle — There is considerable diminution m the force of contraction 
of both auricles The duration of systole is greatly shortened, and so the 
refractory period is correspondingly diminished 

(in) Bundle of His — Conductivity is impaired to a varying extent First 
the P-R interval of the electrocardiogram is prolonged , then occasional 
impulses from the auricles fail to be transmitted through the bundle, and a 
2 1 or other regular relationship between the auricular and ventricular rates 
is established Conductivity may be entirely abohshed, and auricles and 
ventricles thus become completely dissociated As already noted, the ventricles 
are so “ accustomed ” to being driven from the auricles that, should then 
functional connections with those chambers be suddenly destroyed, they 
remain quiescent for a brief period and do not beat at all In this way the 
vagus may produce temporary ventricular silence The ventricles as a rule 
soon resume beating at their own slower independent rate , this “ idio- 
ventricular rhythm ” is outside nervous control altogether Block of one or 
other branch of the bundle of His may be produced, with characteristic 
alterations of the electrocardiographic record (p 285) 

(iv) Ventricle — There is diminution m the force of contraction of the 
ventricles , the rate is usually markedly decreased, and the rhythm may be 
disturbed 

The vagus thus — (a) slows the whole heart , (/?) produces varying degrees 
of heart bmckT’or" arrests the ventricles altogether, (y) diminishes the force 
of contraction of the chambers of the heart , (S) the duration of systole (and 
therefore of the refractory period) is shortened 

(v) Effect on the Blood Pressure — As the heart is slowed and its force 
lessened, the output of the heart is greatly reduced, and the blood pressure 
falls rapidly (Fig 155) Withm a few seconds of commencing vagal stimula- 

1 Boas and Goldschmidt, The Heart Bate, Springfield, HI , 1932 
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(vi) “ Vagus Escape” — Sometimes, although vagal stimulation is con- 
tinued, the heart begins to quicken, and the blood pressure rises Several 
factors are possibly at work 

(a) The onset of vagus escape is often associated with high pressure m the 
great veins entering the right auricle (Fig 155) This stimulates afferent 
fibres winch pass up the (intact) vagus to the cardiac centre reflexly to 
accelerate the heart (auricular reflex, p 272) This reflex competes with the 
effects of the artificial stimulation of the other (cut) vagus and may overcome 
it, causing the heart to mcrease in rate 1 

( b ) The lowered arterial blood pressure tends to accelerate the heart 
reflexly via the smo-aortic nerves (p 272) 

( c ) In some cases complete heart block is produced, and the ventricles 
assume their independent rate, which is m no way affected by the vagus 
nerve 

Atropine annuls the effects of peripheral vagal stimulation on the heart 
(cf p 720) 

2 The Sympathetic — Anatomical details are given on p 709 The 
sympathetic exerts an unimportant tome accelerator action on the human 
heart Bilateral excision of the stellate ganglia m man (which cuts off most 
of the sympathetic supply of the heart) has little effect on its rate at rest 
Stimulation of the sympathetic nerves increases the rate and force of contrac- 
tion, i e \t accelelerates and augments the heart beat , it also enhances the 
excitability and irritability of the myocardium and may give rise to ectopic 
beats ( extrasystoles ) (cf p 286) 

Regulation of the Heart Rate 2 — There is behoved to be a cardiac 
centre m the floor of the fourth ventricle m the region of the vagus nucleus 
It is described as consisting of two (somewhat hypothetical) portions 

(1) Cardio-inhibitory centre, which presumably is part of, or closely 
related to, the dorsal nucleus of the vagus 

(2) Cardio-accelerator centre, in the same region, which has connections 
with the thoracic cord and so controls the sympathetic supply of the heart 

The rate of the heart is controlled mainly by varying the degree of vagus tone 
(i e vagal inhibitory activity) Unless a specific statement is made to the 
contrary, all the reflex and chemical adjustments of heart rate to be described 
are due principally to changes m vagus tone and only to a minor degree to 
modifications of sympathetic activity If the vagus m man is completely 
“ blocked ” by atropine, the heart may accelerate to about 150 per minute 
The further quickening which takes place in violent exercise — to about 
180 per minute — is probably due to additional active stimulation by the 
sympathetic 

Vagus tone is minimal m infants in whom the heart rate may range round 
120 Vagus tone increases with advancing age In the adult the average 
heart rate is around 70 per minute, but it may be as low as 40 or 50 or reach 
80 or 90 

As explained on p 744, vagal tone is reflexly produced by afferent impulses 
m the smo-aortic nerves Bilateral section of these nerves completely 

5 McDowall, J Physiol , 1926, 61, 131 , , 

s It is very difficult (and undesirable) to consider the control of the heart rate without 
at the same time discussing the regulation of the blood pressure It is advisable to read 
pp 309 et seq in conjunction with this section 
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abolishes vagal tone and produces the same degree of cardiac acceleration 
as bilateral vagotomy 

The rate of the heart is affected by — 

1 Impulses from the higher centres 

2 Respiration 

3 Reflexes (1) from the aortic arch and carotid sinus and the carotid 

and aortic bodies 

(2) from the great veins (“ auricular ” reflex) 

(3) from other parts 

4 O a and C0 2 content of blood 

5 Body temperature 

6 Intracranial pressure 

7 Adrenaline, thyroxine and vasopressin (pitressm) 

8 Muscular exercise 

1 Higher Centres — Emotion may readily affect the pulse rate in 
states of excitement, the heart usually quickens , sudden shocks may slow or 
even arrest the heart The common form of fainting attack provoked by 
emotion or long standing is partly due to vagal overaction , nervous 
women, convalescents, and patients with aortic incompetence are particularly 
hable to be affected The attack is ushered in by unsteadiness, giddiness, 
and dimness of vision , the heart’s action gradually becomes slower, and the 
pulse rate may fall to 50 or 40 At the height of the attack, pallor and sweat- 
ing may be prominent symptoms The systolic blood pressure may sink to 
50 mm Hg, owing to independent depression of the vasomotor centre , the entire 
syndrome is sometimes called a vaso-vagal attack 1 

The influence of the cerebral cortex and hypothalamus on heart rate is 
referred to on pp 671, 716 

2 Respiration — In most adults, during quiet breathing, the heart rate 
does not alter During voluntary deep breathing, all normal people show 
quickening of the heart with inspiration,- and slowing with expiration This 
respiratory variation occurs in many healthy children with quiet breathing 
The respiratory variation in the heart rate is referred to as sinus arrhythmia 
It has no pathological import whatever 2 

Sinus arrhythmia is due to alterations m vagus tone which take place 
with each phase of the breathing , it is abolished by atropme or vagal section 
It has been attributed (i) to afferent impulses from the lungs, (u) to variations 
in pressure on the venous side of the heart, or (m) to some central influence 
If the isolated head, connected with the trunk by means of the vagi only, is 
artificially perfused, it is found that the arrhythmia of the heart does not 
follow the rate of the artificial respiration which is applied to the trunk, but 
corresponds to the discharge rate of the respiratory centre as determined by 
recording the movements of the alee nasi (Eig 156) , this correlation becomes 
even more evident when the respiratory movements m the head are stimulated 
The arrhythmia persists after denervation of the lungs and is independent 

1 Profound slowing of the heart occurs in association with the faint produced by a 
severe hemorrhage (cf p 84) 

s Irregular Variations — Periodic variations in the rate of the heart may occur 
independently of respiration and without apparent reasoD They may be noticed in 
convalescence from acute fevers and after tho administration of digitalis (Lewis ) 
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of the fluctuations m the pressure of the blood which is perfused through the 
brain Heymans concludes from these observations that the arrhythmia is 

to an important degree due to direct irradiation 
of impulses from the respiratory to the cardiac 
centre 

3 (1) Sinus and Aortic Nerves — Experi- 
ments fully described on pp 738 et seq , prove 
that the sinus and aortic nerves stabilize the 
heart rate m the normal resting individual, 
are responsible for resting vagal tone and 
reflexly modify heart rate in response to 
sudden changes in arterial blood pressure 
The prmcipal points are the following 

(l) Stimulation of the central end of the 
aortic or sinus nerves usually reflexly slows 
the heart 

(n) Section of these nerves accelerates the 
heart to the same degree as injection of 
atropine or bilateral vagal section, i e vagal 
tone is completely abolished and cardiac 
irregularities are set up (p 744) 

(in) In perfusion experiments a rise of 
pressure m the carotid sinus reflexly slows 
the heart, while a fall of pressure reflexly 
quickens the heart 

The carotid sinus endings respond most 
actively to changes in blood pressure when 
the initial pressure is about the normal for 
the species This is well shown m Fig 157 
A fall of pressure from 125 mm to 100 mm , 
or a rise from 125 mm to 150 mm produces 
far greater reflex quickening or slowing respec- 
tively than do changes of equal magnitude 
farther up or down the blood pressure scale , 
the aortic nerve endings act similarly 

These observations account for the inverse 
relationship commonly noted m the resting 
animal between blood pressure and heart rate 
(Marey’s law) , i e when the blood pressure 
rises, the heart rate falls, and vice versa It 
should be noted, however, that in exercise , 
emotion, anoxia, CO z excess, and other con- 
ditions, hypertension may he associated with a 
rapid heart rate 

The rapid resting heart rate m children is 
perhaps related to their lower arterial blood pressure level 

(2) Afferents from Great Veins —Nerve fibres arise from the venous 
side of the heart (chiefly from the root of the great veins) (p 735) and pass s m 
the vagus trunk to the cardiac centre These nerve endings are stimulated 
when the venous pressure rises As a result vagus tone is reflexly depresse 
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Fig 156 — Analysis of Sinus 
Arrhythmia 

R= Record of respiration taken from 
ala) nasi The head has been 
isolated from the trunk by dh 1 
sion of the neck, the vagi alone 
being left intact The head Is kept 
alive by perfusion from a donor 
A = Blood pressure of donor 
B = Record of heart rate of isolated 
trunk , this is kept alive by means 
of artificial respiration Note the 
marked sinus arrhjthmla The 
black patches in the record are 
regions where the rate Is too rapid 
for the individual beats to appear 
The arrhythmia is obviously re 
lated to the rhythm of respiration 
in the head The fast periods 
correspond to inspiration and the 
slow to expiration 

Time in 3 seconds (Heymans, Ergeb 
Physiol ) 
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and the heart rate nses , the sympathetic accelerator fibres are also reflexly 
stimulated to a minor extent This reflex is called the auricular or Bambndge 
reflex (strictly speaking is should be called the venous reflex) It can be 
demonstrated by injecting a large volume of salme rapidly into the central 
end of the jugular vein , if the vagi are intact the heart accelerates In 
muscular exercise the venous return is greatly mcreased , the resulting rise of 
venous pressure plays an important part m bringing about cardiac acceleration 
durmg muscular exercise, thus helping the heart to get rid of all the blood 
reaching it 

In heart failure, engorgement of the right auricle often occurs, associated 
with a general rise of venous pressure (p 319) The venous reflex is set up, 
and accounts m part for the rapid pulse rate found m this condition The 
cardiac acceleration which occurs m the early stages of haemorrhage in spite 



Fig 157 — Carotid Sinus Pressure and Heart Bate 
The curve shows the effects on heart rate of increasing the pressure in the isolated carotid sinus At 
tho pressure is raised the heart rate is decreased Normal carotid sinus pressure produces a hears 
rate of normal frequency (Koch, Kreislaufforsch , 1930 ) 

of low venous pressure, is reflexly produced by anoxia (stimulating the 
chemoreceptors) and the fall of arterial blood pressure (stimulating the 
pressure receptors) 

A rise of central venous pressure also reflexly accelerates respiration , 
this may be a factor m the production of cardiac dyspnoea (p 461) 

(3) Other Afferents — Stimulation of sensory nerves may produce 
varying effects Stimulation of the central end of the fifth nerve or of the 
splanchnic nerve causes slowing of the heart A blow on the abdomen or 
irritation of the mucous membrane of the nose produces similar results 
Most painful stimuli quicken the heart 

4 Changes in Blood Oxygen and CO s — (i) Lack of oxygen — anoxia 
— accelerates the heart (Fig 182) , this is another factor in the production 
of the rapid pulse of heart failure The degree of acceleration is related to 
the severity of the anoxia When an inert gas like nitrogen is inhaled to 
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produce acute and severe anoxia the pulse may increase m 1-2 min utes to 
140 per minute An increased pulse rate is likewise found m amemic states, 
carbon monoxide poisoning, during the early stages of haemorrhage (r> 831 
and at high altitudes 

Anoxia first causes an apparent increase m the force of the heart beat, 
but the vigour later dies down, though the heart remains accelerated till 
just before the end (cf Fig 243) 

(n) Excess of CO% when of moderate extent also quickens the heart , this 
can be readily seen in man when 5% C0 2 is breathed for several 
minutes to produce C0 2 accumulation m the alveoli and the arterial blood 
(Fig 181) In very large amounts, C0 2 poisons the bundle of His, produces 
heart block and a slow ventricular rate , this is seen m the terminal phase 
of asphyxia 

The cardiac acceleration produced by anoxia and C0 2 excess is due partly 
to a direct action on the cardiac centre and partly to reflex stimulation ma 
the chemoreceplors in the carotid and aortic bodies (p 745) 

5 Temperature — A rise of body temperature acts (i) directly on the 
smo-auricular node and quickens the rate of impulse formation (p 236) , 
(u) the cardio-accelerator centre is also stimulated (cf pp 475 477 ) 

6 Arise of intracranial pressure, if very large, such as occurs late in cases 
of cerebral tumour, directly stimulates the vagus centre and slows the heart 

7 (i) Adrenaline — See p 725 

(n) Thyroxine accelerates the heart in part by a direct action on the pace- 
maker The heart is markedly quickened in hyperthyroidism (p 990) and 
is slower than normal in myxoedema (p 983) 

(ru) Vasopressin (Pitressin) — See p 46 

8 Muscular Exercise — The cardiac acceleration of exercise is due, as 
stated, mainly to the venous (“ auricular ”) reflex Accessory factors are 
impulses from the higher centres, the rise of C0 2 tension and temperature 
(and possibly anoxia and adrenaline secretion (cf p 433)) 


THE OUTPUT OF THE HEART 1 ' 

The terms “ minute output ” or “ circulation rate ” mean output per 
ventricle per minute , the term “ stroke volume ” means output per ventricle 
per beat 

Control of Cardiac Output — The output of both ventncleB under 
normal conditions is exactly the same The volume of blood pumped out by 
the left ventricle depends on the amount it receives from the right side of the 
heart via the pulmonary circulation The output of the heart depends on 
(l) the venous return , (n) the force and (m) frequency of the beat It is also 
intimately related to (iv) blood pressure 

1 Venous Return — This depends chiefly on the following factors 
(l) The contractions of the skeletal muscles squeeze the veins con- 
tained within them and drive the blood on towards the heart The 
veins possess valves which prevent regurgitation of the blood m the 
intervals between the muscular contractions (the veins are also actively 
contractile) (cf vn, infra ) 

i Grollman, Cardiac Output of Man in Health and Disease, Springfield, HI , 1932 



VENOUS RETURN 


275 


(n) With each inspiration there is an increased negative pressure m the 
pleural cavity which aspirates blood towards the heart (cf p 368) The 
diaphragm descends, raises the intra-abdominal pressure, and so squeezes 
blood out of the abdominal veins 

(in) There is a slight positive pressure m the capillaries and a somewhat 
lower pressure in the veins which can propel blood on towards the heart 
If the general arterial pressure does not fall, relaxation of the arterioles 
supplying any region raises the capillary pressure locally, and so aids the 
venous return (e g from the 
active muscles in muscular 
exercise) 

(iv) Gravity assists the 
venous return from parts 
above heart level, but greatly 
hinders the return from the 
dependent regions 

(v) Changes in blood 
volume the venous return is 
diminished by a decrease m 
blood volume as after haemor- 
rhage (Fig 46 and p 82) , it 
is correspondingly increased 
after intravenous injection of 
sahne (p 59) 

(vi) Capillary tone nor- 
mally many of the capillaries 
m any organ are quite narrow 
and some may be closed If 
all the capillaries over a con- 
siderable area become patent 
and widely dilated, they can 
accommodate a large propor- 
tion of the blood volume, and 
less is available to return to 
the veins The venous return 
is greatly reduced for this 
reason in histamine poisoning 
(P 337) 

(vn) The veins themselves 
are controlled by the vasomotor centre (p 318) and by chemical influences 
m very much the same way as the arterioles Any factor which constricts 
the veins and so decreases their capacity helps to increase the return of 
blood to the heart 

Other things being equal, an increase m venous return increases the cardiac 
output per minute and a decrease in venous return correspondingly decreases 
the cardiac output (Figs 158, 159 and 46) 

2 Force of the Heart — This depends on 

(l) The Initial Length of the Muscle Fibres — Within limits, the greater 
the initial length of the heart muscle fibres at the beginning of systole, the 
more forcible is the contraction (“ law of the heart ” (Starling)) This 



Fig 158 — Results of Fig 159 — Results of 
Venesection m Man “Physiological Vene- 
section ” in Man 

Normal subject in supine position 

RAP = right auricular pressure (in cm saline anterior to 
posterior surface of thorax) recorded by catheter in right 
auricle connected to manometer 

C 0 = cardiac output (in litres per minute) recorded by 
direct Pick method 

Figures on R A P curves=hcart rate per minute 

In Pig 158, withdraw 840 c c of blood in 25 minutes 

In Fig 159, apply cuffs to both thighs and inflate to diastolic 
blood pressure (70 mm Hg) to trap approximately 700 
c c of blood m legs 

Note similarity of results in both experiments (Me Michael 
and Sharpey Schafer, Dnl Eeart J , 1914, 6, 33 ) 
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can be well shown experimentally m the denervated heart-lung preparation, 
m which the heart rate is constant 1 It is found that if the venous return 



Fig 160 —Effect of Increasing Venous Pressure and Venous Inflow on Ventricular Outpu 
per Beat m Heart-Lung Preparation (Starling el al , J Physiol , 1914, 4S ) 

Records from abovo downwards 
Venous pressure In mm B 2 O 

Cardiac output per beat recorded with ventricles In cardiometor Tho Beale on the left 
shows the output per beat (per ventricle) in c c , the values on tho record give the output 
(per ventricle) in c c per minute Upstroke —systole =<fmrase m ventricular volume, 

downstrokc=diastolo=tncreare In ventricular volume As the cardiac nerves were cut no 
change in heart rate occurs 
BP arterial blood pressure 
Time in seconds 

At A (first \ertical) the venous pressure was increased from 95 to 145 mm H 2 O and the venous 
inflow was correspondingly increased The ventricles undergo progressive dilatation, 1 e 
they fail initially to discharge ns much blood as they recen e The increased stretch of the 
muscle fibres during diastole leads to increased force of contraction , when compensation 
is fully established the cardiac output is increased from 510 to 840 c c per minute Note, 
however, that the volume at the end of systole remains increased, 1 e tho ventricles are not 
now emptying during systole as completely ns during tho control period 
[It is probable that under more normal experimental conditions, although the ventricles would 
dilate during diastole as shown in this experiment, they w ould empty more completely during 
systole ] 

At B (second vertical) the venous return was lowered to 55 mm H 2 0 The diastolic volume of 
tlie heart markedly decreased and the cardiac output fell to 198 c c per minute The arterial 
blood pressure changed very little 


is artificially increased with resulting distension of the heart, the force of the 
beat is correspondingly enhanced, and the larger inflow is successfully dealt with 

1 This preparation is useful for studying the output of the heart experimentally under 
conditions where some of the factors can be modified at will The thorax of an animal 
is opened and artificial respiration is carried out The aortic arch is tied beyond the 
origin of the innominate artery By means of a cannula the blood is led from the in- 
nominate artery to an artificial peripheral resistance which consists of a thin rubber tube 
enclosed in a glass tube, in which the pressure can be raised to any desired extent The 
blood is warmed and returned to the right auricle and sent by the right ventricle through 
the lungs and thus back to the left heart Variations of pulse rate are prevented by 
section of the vagi The output of the heart can be measured directly by collecting the 
blood for a given time after it has passed through the peripheral resistance 




EFFECT OF HEART RATE ON OUTPUT 277 

by a larger cardiac output -without change m heart rate (see Fig 160 and 
legend) 

In accordance with this principle, it is found that when the ventricle ib 
underfilled, e g after haemorrhage, or in obstruction of the mitral orifice, the 
force of the beat is reduced , when the venous inflow is large and diastolic 
filling is great, as in muscular exercise, powerful beats are obtained But 
should the fibres be overstretched because of excessive filling, a more feeble 
contraction is obtamed, the output per beat is diminished and the heart does 
not empty itself effectively This may occur m certain stages of clinical 
cardiac failure and is then associated with engorgement of the venous side 
of the heart In such cases, venesection, by lowermg the venous pressure and 
reducmg the abnormal degree of stretch of the muscle fibres, may greatly 
improve the efficiency of the individual beats and consequently of the state 
of the circulation 

Chrome excessive stretching of a mild grade may serve as a growth 
stimulus to heart muscle fibres This is well seen m certain instances of 
valvular incompetence Thus, in mitral or aortic regurgitation, there is 
excessive accumulation of blood behind the leak, i e m the left auricle and 
left ventricle respectively The fibres respond to stretch by more powerful 
contraction, and m the course of time overgrowth (hypertrophy) of the chamber 
develops (p 297) 

(u) Diastolic Pause — If the diastolic pause is too Bhort, the heart has 
inadequate time to recover from the effects of the previous contraction, and 
the force is diminished ' In addition, with a constant rate of venous return, 
a shorter diastole may mean lessened venoUB filhng and consequently feeblei 
beats (cf infra) 

(in) Nutrition and Oxygen Supply of the Heart — Obviously these muBt 
be adequately maintained , the subject is discussed on pp 236 et seq 
? 3 Frequency of the Heart — The rate of the heart influences the 

cardiac output, both directly and by affecting the force and the venous filling 
In the resting person, with constant venous return, the normal range is 
satisfactory, because it provides ample diastohe time for venous filhng 
and for recovery of the heart muscle, and the beats are frequent enough for 
effective transfer of the blood from the venous to the arterial side Marked 
alterations m the frequency (with unaltered venous return) serve no useful pur- 
pose, and may be definitely harmful This is well seen in cases of paroxysmal 
tachycardia and heart block In the former condition the heart may accelerate 
to 150 or 200 per minute Diastole is too brief to allow proper filhng of 
the heart to take place, and each beat is very small , in spite of the high 
frequency of the heart, the output per minute may be reduced to less than 
half the normal (cf p 290) In heart block, on the contrary, the ventricular 
rate is very slow There is ample time for venous filhng, and for recovery 
processes to occur But the beats may be too infrequent to empty the venous 
side, and consequently, though each beat is large, the output per minute is 
reduced (p 284) 

If the venous return is increased, the heart can cope with it, within limits, 
by increasing the size of each beat But this adjustment will only provide for a 
two or threefold increase in output m man, corresponding to an increase m the 
stroke from say 60 to 180 c c per beat When the venous inflow is still greater, 
as m severe muscular exercise, acceleration is essential if the heart is to dispose 
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of all the blood which reaches it (p 433) The shortened diastolic pause is no 
hindrance, because under these circumstances the heart fills m a shorter 'period 
than normal, owing to the very high venous pressure and the rapid venous 
inrush into the heart 

4 Relation of Output to Blood Pressure — The blood pressure vanes 
as the product of cardiac output and peripheral resistance , increased cardiac 
output therefore raises, and diminished output lowers, blood pressure 
(cf p 302) 

When the peripheral resistance (and blood pressure) are suddenly raised, 
the heart initially fails to discharge all the blood that it receives and so 
undergoes dilatation The resulting increase in the initial length of the 
fibres leads to increased force of contraction with the result that the venous 
return is successfully dealt with and the normal output per beat is restored 
m spite of the increased resistance 

Measurement of Cardie Output by use of the Fick Principle — It 
was first pointed out by Fick that the output of the heart can be deter min ed 
when certain facts about CO, or 0, exchanges are known Applying the 
principle to C0 2 

C0 2 content of the mixed venous blood, eg 52 c c % 

C0 2 content of the arterial blood, eg 48 c c % 

CO 2 output per minute, e g 200 c c 

It follows that every 100 c c of venous blood reaches the lungs carrying 
52 c c of C0 2 , and leaves with 48 c c of C0 2 , i e gives office of CO, There- 
fore 200 c c of C0 2 are given off by 200—5 htres, which is the blood 

flow through the lungs per minute and consequently the output of the right 
or left ventricle The general formula used in the calculation is 


Cardiac Output (oc) = 


C0 2 output (c c ) 

Arterial-venous C0 2 difference (c c %) 


x 100 


Similar calculations can be made from equivalent data about oxygen, 

eg 0 2 content of mixed venous blood = 15 c c % 

0 2 content of arterial blood = 19 oc% 

0 2 consumption per minute = 200 c c 

Blood flow through lungs = x 200 = 5 htres 


The general formula used m this calculation is 


Cardiac output (c c ) = 


0 2 consumption (c c ) 
Arterial-venous 0 2 difference (c c %) 


x 100 


In animals, the Fick method can be employed using O a or C0 2 Arterial 
blood is obtamed by arterial puncture, and mixed venous blood by direct 
puncture of the right ventricle , the gas content of the blood sample is then 
determined directly (pp 410, 416) It is no use collecting blood from a 
cutaneous vein and determining its C0 2 or 0 2 content because the composition 
of the venous blood differs m the various regions of the body with the degree 
of localjbissuelactivity We need to know the composition of the mixed 
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venous blood, which is only found in the right heart and the pulmonary 

The modified methods which may be used m man are described below 

(1) Direct Fick Method m Man using Oxygen ( 1 ) The oxygen con- 
sumption is determined in the usual way (p 372) 

(n) Arterial Blood— As it is undesirable to puncture the radial artery 
the 0 2 content of the arterial blood is calculated from a haemoglobin determina- 
tion (p 175), assuming that the blood has the normal average degree of 0 2 
saturation ( i e it is 95% saturated) 2 

(in) Mixed Venous Blood — To obtain a sample of mixed venous blood, 
a long, fine rubber tube is mtroduced with suitable precautions into the right 
antecubital vem and is directed up along the veins until it enters the right 
auricle (Cournand’s method) The patient’s interest and sufety should always 
be conscientiously considered before this procedure is embarked upon The 
oxygen content of the blood so collected is determined directly and the 
cardiac output calculated 3 The technique involves an inevitable degree of 
emotional strain on the part of the subject and so gives readings “ at rest ” 
which are higher than the true basal values On the other hand it provides 
reliable information about changes in the cardiac output which take place 
under different experimental and clinical conditions 

(2) Indirect Fick Principle (using Oxygen) applied to Muscular 
Exercise (Hill) — The Fick method in a modified form can give informa- 
tion about the cardiac output even m violent exercise The arterial 
oxygen content and the 0 2 consumption are determined as in (1) supra) in 
severe exercise the latter may reach 4 litres per minute or more The 0 2 
content of the mixed venous blood is approximately assessed from the following 
considerations and not directly determined During bicycle work, when the 
0 2 consumption is about 2 litres per minute, the 0 2 content of the mixed 
venous blood may be reduced by 60%, le to about 7 c c % In more strenuous 
work it is justifiable to presume that the blood is even more extensively 
reduced, i e the mixed venous 0 2 content is perhaps 4 c c % We know that 
the blood leaving the muscles is almost completely reduced, but that from the 
skin, brain, and viscera still contains fair amounts of oxygen. The usual 
calculation is employed 

Cardiac output - 0 ; consumption (o c ) x 10Q 

Arterial- venous Op difference (c c %) 

4000 x 100 OFT , 

= "vs — i — = 27 litres 

19—4- 

This value is undoubtedly reliable as far as order of magmtude of the 
cardiac output is concerned 


1 Cournand et al , Proc Soc exp Biol Med, 1941, 46, 42, Surgery, 1943, 13, 964 ' 

J chn Investig , 1942, 21, 287, 1945, 24, 106, McMichael and Sharpey-Schafer, Brit 
Heart J , 1944, 6, 33 

* Example — Hemoglobin content=15 g-% , 1 g of haemoglobin unites with 1 34 c c 
ot Oj when fully saturated, if the blood is 95% saturated, the oxygen content is 

95 

15x1 34 X Jqq= 19 c c % 

_ ? Even in the right auricle the blood from the inferior and superior vena cava may be 
partially streamlined so that a true mixed venous sample is not always obtained 
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The minimal cardiac output that would enable the 0 2 consumed to he 
absorbed m the lungs can be calculated by assuming the mixed venous 0 2 
content to be zero In the above example the cardiac output would 
, 4000x100 

be jg — 21 litres As the mixed venous 0 2 content is undoubtedly 

more than zero, the cardiac output in this form of exercise must exceed 
21 litres per minute 

If the 0 2 consumption is 5 litres, the cardiac output may be calculated 
to be about 35 litres If the pulse rate is 180 per minute, the stroke volume 
is 150-200 cc 1 

Factors Influencing Cardiac Output in Man.— (1) Resting Output — 
With the direct Fick method (usmg oxygen) the cardiac output in adults 
is 5-6 litres per minute , as these conditions are not basal owing to the 
presence of emotional tension, the true resting cardiac output may be about 
4-5 litres The output per beat is about 60 or 70 c c There is a fair relation- 
ship between cardiac output and body weight and a closer relationship 
between output and surface area (p 378) Little is known about the output 
m children or m old age Emotional states produce varying degrees of elevation 
of cardiac output 

In passing passively from the horizontal to the erect position the cardiac 
output diminishes by about 1 litre per minute Under these experimental con- 
ditions the leg muscles are slack and are not pumping the blood back to the 
heart , as gravity hampers the venous return the cardiac output falls 
Under conditions of normal standing the erect position is accompanied by 
some degree of limb-muscle activity which adequately compensates for the 
deleterious effects of gravity 

(2) Distribution of Cardiac Output — Partial data (given m cc per 
minute) are now available for man about the distribution of the cardiac output 
to the various organs at rest and during activity The outstanding finding 
is that the two kidneys receive about 1300 c c of the total resting output of 
5000 c c (p 36) The blood flow to the brain is estimated at about 750 c c 
(p 306) The blood flow to resting limb skeletal muscle varies between 1 and 
4 c c per 100 c c of muscle (p 308) The muscles form 40% of the body 
weight and in a 70-kg man their total weight is 28 kg If limb blood flow 
conditions are representative of the musculature as a whole the total resting 
muscle blood flow is 300-1100 c c At a guess, the coronary artery flow is 
100 c c The kidneys, brain, skeletal muscles, and heart thus account for 
2500-3000 c c The other half of the resting cardiac output passes to the 
skin, abdominal viscera (excludmg the kidneys), and bones 

(l) The blood supply to the skm is mainly adjusted to meet the needs of 
temperature regulation The degree of possible change of blood vessel calibre 
vanes with the skm region exammed and is greatest m the hands (especially 
the fingers), the feet, and probably the face The flow ( per 100 c c volume) m 
the two terminal finger phalanges may vary from 0 2 c c under conditions 
of extreme vasoconstriction to 120 c c m full vasodilatation , m the fingers as 
a whole the maximum flow is 60 c c (5% of the finger is skm) (Fig 198) 

(u) The blood flow through muscle varies with its metabolic activity In 
vigorous activity the forearm flow (per 100 c c ) may rise to 30 c c (Fig 262) 
If such a level of muscle blood flow became general the total muscle flow 
1 For ballistocardiographic method, see Starr, Harvey Led , 1947, 42, 194 
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would amount to about 14,000 c c Such an order of flow necessitates, of 
course, a great increase in tlie total cardiac output 

(m) The coronary flow during violent activity rises to 800 c c (p 238) 

(iv) The brain blood flow is probably unaffected by tbe level of mental 
activity 

(v) The flow in the abdominal viscera increases considerably during 
secretion of the digestive juices (Tig 519) 

(з) Relation of Output to Metabolism — (l) The metabolic activities of 
the body are limited by the oxygen supplies Each litre of 0 2 employed m the 
combustion of foodstuffs makes available 4 8 kg -calories (on an average) 
The output of the heart, and consequently the oxygen supplied to the tissues, 
are related (as might be expected) fairly closely to the metabolic rate Bodily 
activity means more vigorously contracting muscles, more powerful respir- 
atory movements, relaxed arterioles m muscles, and raised capillary pressure 
The heart deals with the increased venous return in mild exercise either 
(a) by increasing the rate or (5) by mcreasmg the stroke volume, or (c) both 
methods may be employed In addition, the increased demands of the 
tissues for oxygen are met by abstracting more 0 2 from the blood reaching the 
tissues, le the coefficient of utilization (arterial-venous oxygen difference) 
is raised, and the venous blood leaves more extensively reduced (cf p 413) 

(и) In strenuous exertion, such as severe running, the minute output may 
reach 30-40 litres , the pulse rate rises to 150-180 per minute, and the stroke 
volume may be as large as 170-220 c c The mixed venous blood 1 b extensively 
reduced, e g the oxygen content may fall to about 4 c c , and the artenal- 
venous oxygen difference may be, e g 19 — 4 c c =15 c c % If the blood 
volume is taken to be 5 litres, it is obvious that, at rest, an amount little less 
than the blood volume is discharged each minute from each ventricle In 
strenuous exertion however up to six to eight times the blood volume (about 
8 gallons) may pass through each ventricle per minute This last figure 
probably represents the maximum possible effort of the heart (cf p 433) 

(m) As indicated on pp 990 and 983, owing to the changes m metabolism 
m exophthalmic goitre and myxcedema, corresponding changes m cardiac output 
are encountered It is somewhat difficult to see how alterations m the meta- 
bolism (not the result of exercise) produce the appropriate modifications in 
the venous return which must of necessity precede an alteration m cardiac 
output It may be supposed, however, that when the metabolism is increased, 
the arterioles m the more active tissues are relaxed, with a corresponding rise 
of capillary and venous pressure which propels blood more rapidly to the 
heart 

(iv) The ingestion of food (which stimulates metabolism, increases the 
oxygen consumption and raises the pulse rate) may increase the output per 
minute by 0 5-1 litre Changes m output of a similar order of magnitude 
are said to follow the ingestion of large volumes of fluid 

(4) External Temperature — (i) When the external temperature is 
lowered (from 16°-20° C as the starting-point), the minute output and pulse 
rate are httle altered The metabolism is increased, but the greater oxygen 
requirements of the tissues are provided solely by more extensive reduction 
of the blood 

* i U \ ^ tJ 16 ez ^ erDa ^ temperature is raised the metabolism does not change 
at nrst Even when the external temperature is as 'high as 40°-45° C the 
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oxygen consumption is increased very slightly , but both the pulse rate and 
cardiac output per minute are raised considerably This increase m cardiac 
output is not due to the change m metabolic activity (which is small) but to 
the need for temperature regulation External heat causes dilatation of the 
arterioles of the skm (and also of the capillaries) , this enables a much larger 
volume of blood to reach the skm and facilitates the giving off of heat 
particularly by evaporation and radiation The blood in the skm veins has 
a high oxygen content, which raises the oxygen content of the mixed venous 
blood The increase in venous return needed to maintain the raised min ute 
output is presumably brought about by raised capillary and venous pressure 
resulting from the cutaneous arteriolar dilatation (cf p 477) 

(5) Relationship to Body Weight — If weight reduction is brought 
about by dietetic means m obese subjects both the cardiac output and the 
work of the heart are substantially reduced ( e g by 30%) 

(6) Action of Anoxia — At high altitudes the cardiac output slowly rises 
at first and then decreases once more to normal (cf Fig 243, p 399) 

(7) Action of COn Excess — The inhalation of carbon dioxide-rich mixtures 
is said to be without effect on the cardiac output until the concentration of 
the gas in the inspired air exceeds 6% With higher concentrations some 
increase m cardiac output is observed (cf Fig 181) 

For effects of haemorrhage see p 81 , injections of intravenous saline, see 
p 59 


ABNORMALITIES OF CARDIAC RHYTHM 

Heart Block 1 — By heart block is meant a condition in which there is 
defective conduction in some part of the heart 

The following varieties of heart block may be recognized 

(1) Sino-Auricular Heart Block — This is a rare condition m which a 
whole heart beat is lost at varying intervals During this pause there is 
neither auricular nor ventricular contraction, nor does any electrical variation 
occur After an interval which is usually less than two complete cycles, the 
heart resumes its normal action Occasionally every other beat is suppressed 
completely, and a profound slowing of the whole heart to about 30 beats per 
minute is noted The condition is at once unmasked by exercise, when the 
“ missing ” beats reappear, and the heart suddenly doubles its rate It 
then gradually accelerates further, like a normal heart 

S A heart block may be produced by vagal stimulation, and is relieved by 
“ paralysis ” of the vagal endings with atropine, or by exercise (which de- 
creases vagus tone) The clinical condition is perhaps due to heightened vagus 
tone acting on a susceptible S A. node Block is produced within the substance 
of the node, and the impulse never gets out to activate the rest of the heart 

(2) Mam Bundle Block — If the bundle of His is compressed or 
damaged, conduction is impaired , changes occur m the following order 

(l) Delayed conduction (P-R interval exceeds 0 2 second) 

(n) Failure of occasional and then of a larger proportion of the auricular 
impulses to reach the ventricles (see Fig 161) 

(m) The ventricles respond to every second, third, or fourth impulse from 

1 Rosenman et al , Arch int Med , 1950, 86, 196 
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the S A node, as shown by the establishment of ratios like 2 1,3 1,4 1 

between the auricular and ventricular beats 

The above conditions are called partial heart block 

(iv) Complete heart block none of the auricular impulses reach the 



Fig 161 — Simultaneous Venous, Radial, and Electrocardiographic Curves from Patient 
with Partial Heart Block, showing “ Dropped ” Beats 

Records from above downwards jugular venous pulse, radial pulse, and electrocardiogram, lead II 
The second P wave (P*) in the electrocardiogram is not followed by a ventricular complex , similarly tlie 
second a wave (a*) is not followed by c and v waxes , nor is there any corresponding pulsation at the 
wrist Following this dropped beat (long pause in the pulse tracing) the P-R and a c intervals are 
normal , m the succeeding cycles they lengthen to 0 4 and 0 5 sec Notice that tlie increase of the second 
P R ( and a c) intenals oier the first is greater than the increase of the third over the second , this shortens 
the interventricular period directly preceding the next dropped beat, i e tho x entncle quickens to the 
point of disturbance Following tho next dropped beat the exents arc repeated 
Time (lowest record) in fifths of a second (Cf lig 470 ] (Lewis, Mechanism and Graphic Registration 
of Heart Real ) 

ventricles The beats of auricles and ventricles are completely dissociated, 
and bear no relation whatever to one another The ventricles now beat 
with an independent rhythm (Fig 162) 



Fig 162 — Complete Heart Block m Man (Lewis, Mechanism and Graphic 
Registration of Heart Beat ) 

Re00 -iw» r * 0 a n abov , e d0 T nwards are l u gular venous pulse, radial pulse, and electrocardiogram (Lead II) 

, *P e regular relationship between the jugular c wave, the radial primary wave, and the It wave 
vent ™ular activity) There is a regular relationship also between the jugular a 
wav« ', va T e (indicating auricular activity) In their respective records the a waves and P 

vaves touow regularly There is no relationship between auricular and ventricular events 


^ 1 block is established, the electrocardiogram shows regularly 
spaced P waves, which are twice as numerous as the ventricular complexes 
wnen complete block is present, the independent ventricular beats arise 
rom ne most rhythmic part of that chamber which is usually the region 
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of the bundle just below the site of the block The excitation process, there- 
fore, reaches the two ventricles along the normal channel of the two branches 
of the bundle The ventricular complex may be quite normal in character, 
but is in no way related in time to the auricular wave 

Effects of Heart Block—' While the heart block is partial, the 
ventricles beat slowly but always m response to auricular impulses The 
circulation is fairly effectively carried out at rest, the diminished rate 
being compensated for by the larger output per beat Because of the 
larger output per beat the systolic pressure tends to be raised , the diastolic 
pressure is lower than normal owing to the longer time available for the 
blood to leak out during diastole from the arterial system into the capillaries 



P = not followed by ventricular complex 


sec . , COMPLETE . HEART BLOCK 




Fig 163 — Sequence of Events in Stokes Adams’ Attack m Man 

Electrocardiograph records to be read from left to right and successively from abovo downwards 
Time in sec 

In upper record there are frequent dropped beats (P not followed by v entriculir complex) inter- 
spersed between complete PQRST complexes 

At arrow m middle record, heart block becomes complete and from then onwards there is a regular 
succession of P waves, none of which Is followed by ventricular complexes (Hermann et al 
Arch Sfalad Cceur , 1937, 30, 772 ) 

Exercise is greatly limited because the necessary acceleration of the heart to 
cope with the greater venous return cannot take place 

If the heart block becomes complete suddenly, the ventricles may stop 
beating temporarily [The same result is obtained when a ligature is tied 
between the auricle and ventricle of the frog (“ Stanmus ligature ”) ] Some 
little time elapses before they can accustom themselves to the new conditions, 
and so the ventricles are quiescent until they begin beating at their own rate 

Stokes-Adams’ Syndrome— Fig 163 shows the electrocardiographic 
changes m a case m which, after a phase of partial heart block with frequent 
dropped beats, complete heart block developed acutely, leading to arrest of 
ventricular contraction for 2 minutes 1 With ventricular standstill the blood 
pressure falls to zero and the blood supply to the brain ceases After 5 
seconds, consciousness is lost , after 15 seconds there are muscular twitchmgs, 
convulsions and cyanosis , breathing is intensely stimulated (presumably 
reflexly by the fall of blood pressure and the anoxia, and also by the C0 3 
accumulation) After 30 seconds, breathing becomes slowed (owmg to the 
1 Hermann el al , Arch mal Cceur, 1937, 30, 753 
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direct depression of the respiratory centre by bulbar anaemia) and stops after 
1 minute If tbe heart remains quiescent death occurs after about 2 minutes. 
In the case illustrated by Fig 163 the ventricles resumed beating , this led 
to a transient hypertension, no doubt due to vasoconstriction resulting from 
aspbyxial stimulation of the vasomotor centre , later breathing returned 
An attack of complete heart block accompamed by fainting as ]ust 
described constitutes the Stoles-Adams’ syndrome 

(3) Bundle Branch Lesions —If (for example) the right branch of the 
bundle of His is destroyed the left ventricle is invaded normally In the 
case of the right ventricle, however, the impulse cannot reach it initially 
along the normal channels , the impulse spreads relatively slowly from the 
left to the right ventricle by muscular continuity until at some stage it 
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I'm 164 — Electrocardiographic Appearances in Branch Bundle Lesions m Man 


A Left branch bundle lesion 
B Right branch bundle lesion (" standard ’ curve) 

C Right branch bundle lesion (common curve) 

heads I, n and III from above downwards Time In 1/5 sec (Modified from Evans and Turnbull, 
Lancet, 1937, u, 1129 ) 


reaches the right branch bundle below the site of the block, after which 
invasion is completed rapidly The pattern of left ventricular invasion is 
consequently abnormal and its duration is prolonged The QHS complex 
winch represents total ventricular invasion will likewise be prolonged (its 
uration always exceeds the normal upper limit of 0 12 second) and shows 
a normal features , as the pattern of repolarization is also affected the ST 
segment and T wave will show abnormal features 

(i) Left Branch Bundle Lesions — The typical human findings are 
illustrated in Fig 164 In all leads QRS exceeds 0 12 second In Lead I 
,„ e i 1S , ls f°^°wed by a plateau which may show irregular variations 

\ n t er mg ) In Lead III there is a predominant downwardly directed 
n prolonged S There is no isoelectric position of the ST segment The 
wa y, e ma y from above or below the isoelectric level , its direction 

in e opposite direction to that of the mam initial deflection, % e down- 
wards m Lead I and upwards m Lead III 
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( u ) Right Branch Bundle Lesions — The electrical findings are com- 
plex In Lead I there is always a steep prolonged irregular downwardly 
directed S, followed by an upright T (Fig 164, B, C) The findings in 
Bead 111 are however very variable , the main initial wave is commonly 
directed doionwards (Fig 164, C) , m the so-called “ standard ” curve (which 
is less common) the mam initial wave is directed upwards (Fig 164, B) 

New Rhythm Centres — In the normal heart several centres of rhythm 
formation are potentially active, but the centre which generates an impulse 
most rapidly sets the pace of the heart This is normally the S A node 
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Fxa 165 — Myocardiographic Carves (A=AuncIe , V=VeDtricle) and Electrocardiogram 
from Lead II, showing the Effect of applying Cold to the Sulcus Terminahs m a Dog 

When cold Is applied (see signal) the S A rhythm sIowb , at the fifth cycle there Is escape of the A V 
node, though the auricle, being already in systole, does not respond, i e the auricle responds to the 
impulse from the S A node, but the ventricle responds prematurely to the A V nodal impulse (the 
P-R interval is reduced to 0 019 second) Subsequent cycles show fully established A V rhythm 
The auricle is represented in the electrocardiogram by a minute dip (inverted P wave) preceding tho 
upstroke of R Tho P-It interval is now reduced to 0 027 second, and the interval between auricular 
and ventricular contraction is reduced almost to nothing , the two chambers are contracting simul 
taneously The auriculo ventricular interval ( upper row of figures) and P-U interval (lower row 
of figures) are given in decimals of a second lime marker=0 2 second (cf Fig 140B) (Lewis, 
Mechanism and Graphic Registration of Heart Beat ) 


(1) If the S A node is destroyed or cooled, while the A V node is warmed, 
or if the right vagus is stimulated to depress the S A node and at the same 
time the left sympathetic is stimulated to heighten the excitability of the 
A Y node, it is found that the A V node becomes the dominating centre 
The impulse passes from this node at the same time to both auricles and 
ventricles, and the two chambers contract simultaneously The P-R interval 
is greatly diminished , the P wave is inverted or is buned m the substance of 
the R wave (Fig 165) In clinical records any reduction of the P-R interval 
below normal limits suggests that tho impulse is arising m the region of the 
A Y node In view of the great structural resemblance between the S A and 
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A V nodes, it is not surprising to find that the A V node is possessed of such 
a high degree of rhythmicity 

(2) If the ventricles are suddenly cut off from the auricles, they may 
remain quiescent for a time as already explained (p 284) , they then resume 
beating, at first slowly and then more rapidly If the ventricles are gradually 
dissociated from the auricles, the new rhythm attains its full rate very soon 
The ventricular impulses now arise m the bundle of His just below the site 
of the injury so that the waves representing ventricular invasion (QRS) 
are of normal form (Fig 162) This idioventricular rhythm is not controlled 
by the vagus 

(3) Occasional spontaneous beats may arise anywhere in the substance 
of the auricles or ventricles True rhythmic function — the ability to initiate 



Fig 166 — Auricular Extrasystole Simultaneous Venous, Radial, and Electrocardio- 
graplnc Curves illustrating Auricular Extrasystoles m a Patient, and a Diagram 
representing the Disturbed Mechanism (cf Fig MOB) 

The third beat is the premature one , the P wave is inverted and follows verj closely on the preceding 
T wave , the succeeding ventricular complex is normal There is a premature pulsation at the wrist 
The premature auricular wave a precedes in a normal fashion c , v A pause longer than the normal 
diastolic period follows the premature beat in this case As, Vs=auncular and ventricular systole 
(Lewis, Mechanism, and Graphic Registration of Heart Seat ) 

and maintain the heart beat over prolonged periods — is only present m the 
nodes and the junctional tissues 

Ectopic (Premature) Beats (Extra-Systoles )— (1) Auricular — If the 
auricle is stimulated during diastole after its refractory period has passed, 
it responds with a premature contraction An impulse is transmitted to the 
ventricles, which contract too The rate of recovery of the bundle is slower 
than that of the other parts of the heart, so that if an impulse reaches it 
prematurely, conduction along it is delayed , the P-R interval, therefore, is 
prolonged The P wave shows a degree of abnormality which is greater the 
farther the stimulus is applied away from the S A node, because (cf p 245) 
the height and direction of the P wave are an indication of the way m 
which the excitation process has spread over the auricles The P wave may 
thus be inverted, isoelectric, or abnormal in the details of its configuration 
The ventricular complex, QRST, is normal The next auricular impulse 
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arising in the SA node appears after a pause equal to the normal 
diastolic period or a httle m excess of it (Fig 166) 

(2) Ventricular If the ventricle is stimulated after the refractory 
period has passed, % c after the end of systole, it responds by contracting 
As the ventricle obeys the all-or-none ” law, it responds to the maximum of 
its ability if the stimulus is adequate The actual force of the contraction 
depends on the extent to which the ventricles have recovered from their 
previous contraction, and the degree of filling which has taken place If the 



Fig 167 — Ventricular Extrasvstole Simultaneous Venous, Radial, and Electrocardio 
graphic Curves from a Patient, showing an Extrasystole arising in the Ventricle 

The diagram placed below the flguxo illustrates the mechanism of the heart during the period of the 
disturbance As, Vs = auricular and vontrlcular systole 
The premature xentncular complex is abnormal In character, the P wave is buried in, instead of pre 
ceding, the xentncular complex Similarly the c wa\e is premature and precedes the a wave 
The pause following tho premature beat Is longer than normal (compensatory pause) , the auricular 
rhythm is undisturbed (Lonis, Mechanism and Graphic Registration oj Reart Beat ) 


ventricle is stimulated early m diastole, the contraction it gives is feeble and 
may be insufficient to open the semilunar valves The premature beat then only 
gives rise to the first heart sound and is not accompanied by arterial pulsa- 
tion at the wrist If the premature contraction occurs later in diastole, the 
ventricle may contract sufficiently forcibly to discharge its contents As the 
ventricle has not had time to become completely filled, the output during 
this premature beat is less than normal, and the pulsation felt at the wrist 
is small (Fig 167) 

Following the extrasystole there is a long pause ( compensatory pause) 
The duration of the “ extrasystohe ” cycle and the “ returning ” cycle (i e 
the cycle following on the premature contraction) is equal to two normal 
cycles The reason for this compensatory pause is simple The normal 
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auricular impulse which follows the extrasystole finds the ventricles m a re- 
fractory condition, and no response is obtained The ventricles must therefore 
wait for the succeeding auricular impulse before contracting (Fig 167) 

Electrocardiographic Features —The electrical record of the ectopic beat 
shows an abnormal ventricular complex which is not preceded by a P wave , 
the next P wave is generally “ buried ” within this ventricular complex 
(Fig 167) The excitation process which arises in the new focus spreads 
radially over the surface of the ventricular muscle in all directions , it also 
penetrates the ventricular wall to reach the endocardium and so invade the 
specialized Pur km je tissue which transmits the excitation process rapidly 
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Fra 168 — Electrocardiograph) c Records of Ectopic Ventricular Beats directly 

produced in Man 

The anterior view of heart shows the points which were stimulated on the surface of the ventricles, 

1, 2, 3 are on the left ventricle, the others are on the right ventricle 
The electrocardiograms are from Leads I and III taken simultaneously, and show the curves resulting 
from stimulation of points 1, 10, 4, and 3 After Barker, MacLeod, and Alexander, Anier 
Heart J , 1930, 5 ) 

over its own side of the heart The same changes occur later m the contra- 
lateral ventricle As the time taken for the excitation process to affect the 
whole of both ventricles is prolonged the QRS will exceed 0 12 second m 
duration , as the pattern of invasion is abnormal the deflections of the QRS 
will be abnormal in appearance Because of the delay m invasion the pattern 
of repolanzation will be altered , the regions which were excited first may 
begin to repolame before other regions have been fully invaded Consequently 
the ST segment and T wave may be altered , there is no isoelectric portion 
of the ST segment , the T wave takes off from a level above or below the 
isoelectric line and usually has a direction opposite to that of the mam wave 
of the QRS complex 

Though the electrical record enables an ectopic lead to be diagnosed as 
ventricular in origin it is difficult to determine from the record the specific 
region m the ventricle where the beat has arisen Some guidance is obtained 
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from a study of the records produced by stimulating specific points on the 
human heart exposed at operation The fact that tho heart is exposed means 
that these records will not be identical with those produced by extrasystoles 
of similar site of origin with the chest closed Some representative results 
are shown in Fig 168 Four groups of reactions were obtained 

( l ) From the anterior surface of the right ventricle (points 4, 5, 6, 7, 8, 9) 
the chief initial deflection is upwards in Lead I and downwards m Lead III 

(n) From the conus region of the right ventricle (pomt 10) the chief 
initial deflections are upwards m all three leads 

(m) From the left ventricle near the left auricular appendage (point 1) 
the chief initial deflection is downwards m Lead I and upwards m Lead III 

(iv) From all other points on the left ventricle (points 2, 3, and the posterior 
surface) the chief initial deflections are downwards m all three leads 

Right ventricular extrasystoles thus always gave an initial upward 
deflection (R') m Lead I , left ventricular extrasystoles always gave an 
initial downward deflection (S') in Lead I 

Paroxysmal Tachycardia — In this condition the heart may suddenly 
accelerate to 150 or 200 per minute The new “ pacemaker ” may be situated 
in the auricle or m the ventricle (giving rise to auricular or ventricular 
tachycardia respectively) In one case studied, the output per minute fell 
from the normal level m that subject of 5 6 htres to 2 5 htres, and the output 
per beat from 77 c c to about 15 c c 1 This example illustrates how a very 
rapid pulse rate at rest may cripple the circulation Diastole is too brief to 
allow proper filling of the heart, so that each beat only discharges a small 
amount of blood The rest period is very short, the heart fatigues, and signs 
of heart failure ultimately appear 

Response of Auricles to Rapid Stimulation 2 — As the frequency of 
stimulation of the auricles (dog) is increased the following sequence of events 
takes place 

(1) With rates up to 290 per minute the auricles respond regularly with 
contractions of uniform size , a simple auricular tachycardia is thus set up 

(2) When the auricles are stimulated at 290-380 per minute, a condition 
called the partially refractory state develops By this is meant that at any 
given moment some auricular muscle fibres are responsive, while adjacent 
fibres are refractory In response to each stimulus at this rate some groups 
of fibres react and others fail to respond If a large part of the auricles 
responds, a big beat is obtamed , when a small area reacts, a small beat 
results The fibres which respond at one beat are not sufficiently recovered 
and fail to react to the succeeding stimulus, so that alternate large and small 
contractions result 

As the refractory period of the ventricles is longer than that of the 
auricles, they develop a 2 1 response when stimulation occurs at 350 per 
min ute The A Y node cannot transmit more than 270 impulses per minute 

(3) With still more rapid rates of stimulation, e g 380-450 per mmute, or 
over, the length of the refractory period of the auricular muscle is increased, 
an d is longer than the interval between succeeding stimuli A state of 2 1 response 

1 Barcroft, Heart, 1922, 9, 419 

• For discussion of this condition, auricular flutter and auricular fibrillation, see Lewis, 
Brit med J , 1921, 1, 551, 590 Lewis and associates, Heart, 1920, 7, 191, 247, 293 , 1921, 
8, 141, 193, 311 , 1922, 9, 55, 207 
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of the auricles then results, * e every other stimulus finds the auricles m a 
completely refractory state, and so a contraction results from alternate 

stimuli only , _ , 

Efficient conduction m the auricles depends on the excitation process meeting 

responsive tissue which can transmit the impulse farther When the auricles 
are stimulated at high rates, conduction vn the auricles is slowed , considerable 
areas of the auricular wall may be in a refractory state when the excitation 
process reaches them These form areas of obstruction, and the impulse instead 

B 




Fig 169 


Upper Like (1-4) 

Diagram illustrating Progress of Smgle Wave passmg through a Ring of Muscle as 
a result of stimulating it at point marked by Electrodes (A) Black portion of ring 
represents refractory state 

Lower Line (1-5)- 

Diagram to illustrate the Establishment of a Circus Movement in a Ring of Muscle The 
nng is stimulated at A and the wave spreads to C and D At C it is blocked, but 
from D it continues round the ring When it arrives at C, the refractory state has 
passed off and so it continues to travel round the circle (Lewis ) 

of flowing smoothly must wind about irregularly to seek out portions of tissue 
which have recovered The rate of conduction m the auricles when they are 
stimulated at high rates may fall to 500 mm per second (normal=1000 mm ) 
Following brief stimulation at these very high rates, auricular flutter or 
auricular fibrillation may set m (p 292) 

Circus Movement -—If a ring of muscle is taken, and a point upon it, 
A (Fig 169, upper lme), is stimulated, a wave of excitation develops which 
spreads equally in both directions till it reaches the opposite side of the ring 
at B While the muscle is in the grip of the excitation process, it is completely 
refractory, so when the crests of the excitation waves reach the point B, they 
are faced by unresponsive tissue, and can proceed no farther The wave of 
excitation is thus arrested, and the active state gradually passes off from the 
whole nng of muBcle 
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If the rate of stimulation is increased, we have already learnt (p 290) 
that at a certain critical rate, ]ust before 2 1 responses are obtained, a 
condition called the partially refractory state develops Certain parts’ of 
the muscle have fully regamed their responsiveness, others are still refractory 
when each stimulus falls on the muscle In the case of a ring of muscle 
(Fig 169, lower line), let the point A be stimulated so that it responds and 
an impulse spreads out from it At C, let it be supposed that it finds itself 
faced by an area which has not recovered sufficiently , the impulse in this 
locality is consequently extinguished The region D, however, happens to be 

responsive , the impulse will therefore spread 
m that one direction only If conditions 
happen to be suitable, it finds responsive 
tissue before it, and travels on as a single- 
crested wave right round the ring When 
the point C is reached (which was refractory 
before) it is found to be responsive, and so 
the wave travels on to the ongmal starting- 
point A This point too has recovered from 
its refractory condition, and so a fresh cycle 
begins The wave of excitation can thus go 
on circulating round the ring for minutes or 
hours The term circus movement is used 
Pm n , , . , to describe the wave which travels continu- 

* FIuttc? Xpe Ou(iTno 1 djs ousl y round and r°u*d m one direction (Fig 

auncles, showing the supposed 169, lower hue) 

paths of the excitation wave To establish a circus movement the 



(broken lines) during auricular 
flutter The numbers indicate 
the order m which the various 
parts of the musculature were 
thought to receive the ex- 


followmg conditions must be fulfilled 

(l) An area of refractoriness must be 
present to prevent the passage of the impulse 
m one direction 


citation wave (Lewis ) (u) The originally refractory area must 

have recovered when the excitation process reaches it for the second time 
Accordmg to Lewis a circus movement m the auricles is responsible for 
auricular fibrillation and flutter , this view has, however, been refuted by 


recent work 


Auricular Flutter — In this clinical condition the auricles beat at 230- 


350 times per minute with considerable regularity and for prolonged periods 
The bundle of His cannot transmit impulses at such high frequencies , the 
ventricular rate is generally half or even a quarter of the auricular rate and 
shows a regular or an irregular rhythm 

Auricular flutter can be produced experimentally in the following manner 
The auricles are stimulated by mduction shocks at 300-600 times a minute 
For ajfew seconds the auricles respond very rapidly The stimuli are then 
withdrawn ” Instead of res umin g their ongmal rate, the auricles may continue 
to beat rapidly, but not at the rate at which the mduction shocks had been 
thrown -m According to Lewis a circus movement has been set up which 
travels continuously round a ring of auricular tissue, e g the tissue joining the 
opemngs of the inferior and superior venae cavae (Fig 170) Instead of the 
auncles bemg stimulated, as normally, from a smgle pomt, the smo-auncular 
node, there is a sort of circulating centre of impulse formation As the wave 
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travels round the ring, the excitation process spreads out from the ring to 
activate the outlying parts of the auricular muscle The auricles contract 
once, each time the wave completes one circuit of the ring 

Experimental re-examination of the question has shown, however, that 
a circus movement is not set up Auricular flutter is simply a high grade 
auricular tachycardia-pthe impulses bemg set up at high frequency (usually 
230-350 peiTnmute) from a single ectopic-focus, - - - — - * 



Fig 171 — Experimental Auricular Fibrillation 


Experiment on a Dog , chest open 

Records from above downwards contraction of auricles, contraction of ventricles, carotid pulse, time 
in seconds ’ 


During the first part of the record the auricles are in a state of fibrillation (fine irregular oscillation in 
diastolic position) , the beat of the ventricles is completely irregular in force and rate , the carotid 
pulse is also completely irregular 

At the arrow, regular auricular contractions spontaneously returned , the ventricles respond regularly 
to the auricular beats, and the carotid pulse likewise becomes regular (Redrawn from Lewis, 
Mechanism and Graphic Registration of Heart Beat, 1925 ) 


Auricular Fibrillation — This condition can be induced experimentally 
by transient electrical stimulation of the auricles (at 300—600 times per min ute) 
or by local apphcation of aconitine High speed colour films of the auricles m 
t e dog have been taken at 2000 frames per second and later projected at 8 
rames per second , the events of one second in the auricle unfold themselves 
m 4 minutes on the screen A magnification of 100-fold is simultaneously 
obtained These records show that m auricular fibrillation, two types of 
muscular activity occur r 

( 1 ) Moderately irregular contractions, visible to the naked eye, repeated 
at a rate of 400-600 per minute and not uniform in strength These are 
nown in AJig 171 , they are associated with small irregular, electrical oscil- 
lations labelled/,/ (Fig 172), which replace the P wave There is no evidence 
oi a circus movement 

1 Pnnzmetal et al , Circulation, 1950, 1, 241, J Amer med Assoc , 1951, 146, 1276 
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(n) Much smaller, very irregular, contractions occurmg at very high speeds 
Frequencies of 800-1600 per minute are recorded by direct leads , more 
sensitive methods are claimed to record oscillations at frequencies up to 
40,000 per minute These excursions are rightly called minute or “ M ” , by 
contrast, and only by contrast, the t my excursions referred to in (i) are called 
“ L ” (large) 

As in flutter, so m fibrillation, the A V bundle does not transmit all the 
impulses reaching it The v entr icular rate is much less than that of the 
auricles ( e g only 130 per minute), and the beats are completelyjrregular and 
bear no constant relationship to one another The beats may similarly be 
large or small, depending on how much blood is present in the left ventricle 
at the beginning of each systole This rapid irregularity greatly interferes 
with the output per minute, which falls to less than 4 litres, and each beat 
of the heart discharges only 30-40 c c Auricular fibrillation commonly 



Fig 172 — Auricular Fibrillation m Man 

Simultaneous Records of Jugular Venous Tracing, Radial Curve and Electrocardiogram (Lead II) 

The P waves are replaced by small irregular oscillations (f, f) The ventricular complexes are of 
supraventricular origin and occur at completely Irregular intervals (note intervals between 
It waves) 

The radial curve displays the gross pulse Irregularity No a waves are present in the jugular curve 
(Lewis, Mechanism and Graphic Registration of Heart Beat ) 

develops in subjects with mitral^ stenosis, m, .severe hyperthyroidism and in 
degenerative states of the myocardium 

Typical graphic records from a case of clinical auricular fibrillation are 
shown m Fig 172 

Ventricular Fibrillation may be produced as follows 

(l) Application of a strong constant or faradic current to the ventricles 

(n) Ligation of a coronary artery (cf p 238) 

(in) Administration of toxic substances, including excessive doses of 
digitalis 

(iv) When low percentages of chloroform vapour are inhaled, the irritability 
of the ventricles is enhanced to a precarious degree Injections of minute 
doses of adrenaline, stimulation of a sensory nerve, or some incon- 
spicuous and unnoticed influence, or even a fresh dose of stronger vapour, 
may precipitate fibrillation 1 

(v) Not infrequently following simultaneous division of both sinus and 
aortic nerves 

Sequence of Events — (i) Ventricular extrasystoles arise m one or 
many foci (u) Rapid, almost regular, small undulations of the ventricles occur 

1 Levy, Heart , 1913, 4 , 319 
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(m) Fibrillation sets in, and co-ordinated contractions of tbe heart fibres 
cease The heart dilates and the blood pressure falls to zero On inspection 
the ventricles display minute quivering movements , one area is contracted 
while an adjacent one is relaxed The electrocardiogram shows large irregular 

oscillations , , , 

Clinically, fibrillation of the ventricles has been recorded m the dying 
heart The earlier stages ( 1 ) and (u) have been recovered from Ventricular 
fibrillation is the mechanism of sudden and unexpected death, preceded by 
loss of pulse, pallor passing to cyanosis, and a few gasping respirations 


HEART FAILURE CIRCULATION IN VALVULAR DISEASE 1 

Heart Failure — The efficiency of the heart in maintaining an adequate 
circulation is best judged from the patient’s symptoms, the results of routine 
clinical examination, and most important of all, by the response of the patient 
to various degrees of exertion An mad equate blood supply to the heart 
muscle manifests itself m pain on exertion (p 750) Failure of the left ventricle 
leads to a fall of arterial blood pressure and decreased blood flow to the 
principal organs, especially the brain and kidney, with the expected results 
(p 460) if the right ventricle continues to beat normally, engorgement and 
oedema of the lungs results (p 116) Failure of the left auricle leads to its en- 
largement and to obstruction to the outflow from the lungs, again with 
resulting pulmonary congestion and oedema These lung changes lead to a 
decrease m the vital capacity (p 363) 

Failure of the right ventricle leads to engorgement of the right auricle with 
resulting nse of general venous pressure (p 319), swelling of the liver, oedema 
(p 111), and serous effusions into the peritoneum or pleura Cyanosis and 
dyspnoea are very common manifestations of heart failure, which are 
fully discussed on pp 451 and 460 (These references should be carefully 
consulted ) 

Determinations of the circul ation time (p 262) confirm but generally add 
little to the results of clinical examination Determinations of cardiac output 
m heart failure have yielded little mformationof use ' It must be remembered 
that the cardiac output methods available m man really measure the pulmonary 
blood flow, which equals the right (and normally also the left) ventricular 
output In left-sided valvular disease (e g aortic incompetence, mitral m 
competence) the cardiac output as deter min ed by the Fick method (p 278) is 
a measure of the right ventricular output and therefore of the venous return 
and of the actual blood flow to the tissues (i e the “ peripheral blood flow ”) , 
it thus measures the net output of the left ventricle into the arteries and not 
the actual output Th.e_.sjze of the heart as determined by-X-ray exa min ation 
is a better index of the stroke volume in these valvular disorders It is dis- 
appointing moreover to find little relationship between the peripheral blood 
flow (i e the cardiac output as measured by the usual techniques) and the 
state of the circulation as judged clinically The cardiac output may be 
apparently unreduced when clinically circulatory failure is manifest, no 
explanation is available for this strange discrepancy 

1940 LeW18 ' Duaua Hmrt ’ 4th edn > London, 1946 Fiehberg, Heart Failure, 2nd edn , 
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The significance of electrocardiographic records is considered on pp 251 
et seq and 282 et seq 

Experimental Mitral Incompetence —In experimental mitral lesions, 
little if any regurgitation into the auricle occurs during the isometric con- 
traction phase of the ventricular systole This is due to the shortness of 
this phase (0 05 second), and also to the fact that left intraventricular pressure 
during this phase of the cycle is relatively low, ranging up from a few mm 
Hg to only 60 mm Hg (Fig 173) 

The principal backflow occurs during the ejection phase (when left ven- 
tricular pressure is very high), and it continues for 0 08 second into diastole 
The intraventricular pressure then falls below the lntra-auricular, and the 
auriculo-ventncular (A V ) valves open The auricular volume and pressure 
increase markedly throughout the period of regurgitation Because of the 
regurgitation, the systolic discharge of the left ventricle into the aorta is at 



Fia 173 — Simultaneous Records of Auricular (upper) and Ventricular (lower) Pressure 
Changes in Experimental Mitral Incompetence 

AB=AurIcular systole , BC= Second positive wave In auricle and isometric ventricular contraction 
CD*= Ejection phaBe of ventricle , E=Closure of aortic valves , EF=Iflometric ventricular relaxa 
tion At * mitral incompetence produced Note that AB, BC, in auricular record are little altered 
Dunns ventncular ejection, CD, auricular pressure is marledly raised by regurgitating blood Re- 
gurgitation continues through early part of diastole Time in 0 02 second Wiggers and Fell, 
Heart ) 


first reduced The initial result, therefore, of an experimental mitral regurgita- 
tion is that the systohc and diastolic blood pressure fall and the pulse pressure 
is decreased Compensation, however, is soon effected 

When the A V valves open, the left auricle, which is engorged with blood 
(which has come from the right heart and also through the mitral leak from 
the left ventricle), discharges an increased volume into the left ventricle 
This results m greater initial length of the ventricular fibres and more forcible 
contraction Some of the ventricular blood regurgitates into the left auricle, 
but enough is pumped into the systemic arteries to maintain an adequate 
circulation 

The augmented volume of blood m the left auricle is accommodated by 
expansion of the left auricle and pulmonary veins When the heart is well 
compensated the pressure in the pulmonary bed only rises temporarily during 
the ventricular ejection phase when regurgitation is occurring 

Disease of Mitral Valves — Clinically, mitral valvular disease almost 
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invariably leads to the occurrence of both incompetence and stenosis of th n 
valve orifice Stenosis interferes -with tbe outflow of tbe blood from tbe 
left auricle, both during tbe passive outflow which occurs early m diastole 
and the active outflow resulting from auricular systole (p 258) Incom- 
petence leads to regurgitation of blood from the left ventricle into the left 
auricle during ventricular systole as described above The left auricle is 
therefore overdistended during diastole when it receives its normal inflow 
from the pulmonary circuit The greater stretch of the muscle fibres leads 
as usual to greater force of contraction , a larger volume of blood (both 
that which has regurgitated and that which has newly arrived) is discharged 
into the ventricle When compensation is perfect enough extra blood is 
sent into the left ventricle to make up for the volume which regurgitates , the 
actual ventricular outflow into the arterial system is at this stage undimimshed 
although at the expense of greater ventricular effort If the stenosis becomes 
more severe, ventricular filling may be diminished and the output into the 
aorta is reduced If regurgitation becomes very free, a large fraction of 
the ventricular inflow leaks 
back into the auricle and 
again the flow into the 
arterial system suffers As 
compensation fails there is 
increasing dilatation of 
the left auricle with the 
consequences detailed on 
p 460 If auricular fibril- 
lation sets m the co- 
ordinated contraction of 
the auricles ceases and 
the ventricles can only fill 
passively m diastole when 
the auricular pressure ex- 
ceeds that in the ven- 
tricles The rapid irregular 
contractions of the ven- 
tricles interfere further 
with the cardiac output 
which is seriously diminished [For electrocardiographic changes, see 
Fig 147, A, and p 247 , heart sounds, p 267 and footnote ] 

Aortic Regurgitation — In this condition some of the left ventricular 
output leaks back during diastole from the aorta into the ventricle , a 
characteristic diastolic murmur is set up (Fig 174) The left ventricle is 
simultaneously being normally filled from the left auricle , at the end of 
diastole the ventricle is excessively distended, the muscle fibres are more 
stretched and accordingly the force of contraction is increased , the output 
per beat correspondingly rises The chrome overwork of the left ventricle 
gradually leads to hypertrophy of its fibres (p 277) Owing to the raised 
output the systohe blood pressure is high (up to 180 mm Hg) If com- 
pensation is perfect the net ventricular output, i e the blood supply to the 
tissues (“ peripheral blood flow ”) is undimimshed , to accomplish this end 
the output of the left ventricle per beat has to be increased by a volume 
lo* 


2 i 2. 1 Z s 1 2. g 1 2 g 



Fig 174 — Heart Sounds in Aortic Regurgitation 
(Braun-Menendez and Orias, Heart Sounds m Health 
and Disease, London, 1939 ) 

Records from above downwards are electrocardiogram, heart 
sounds (1 = 1st sound, 2 = 2nd sound, S=aortic diastolic 
murmur) , apex beat pulsations (Ap B ) 
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of blood equal to that which regurgitates during each diastole back again 
into the ventricle (so-called shunt blood), and which, of course, never passes 
to the periphery The diastolic pressure is low (and the pulse pressure 
therefore raised) , this is mainly due to the leak back into the ventricle 
It is also suggested that the large cardiac output may set up an exaggerated 
smo-aortic reflex at the height of systole with resultmg marked transient 
arteriolar dilatation This reflex leads to a rapid escape of blood from the 
arterioles into the capillaries , it also contributes to the collapse of the pulse 
{infra) 

Cases of arterio-venous,. aneurysm, i e where there is a large abnormal com- 
munication between an artery and a vein, present many of the arterial 
phenomena of aortic regurgitation In both conditions blood leaks out of 
the arteries by bther than the natural pores provided by the capillaries 
Certain differences are naturally to be expected, because m aortic regurgitation 
the leak is confined to diastole and m the aneurysm the leak occurs through- 
out the cardiac cycle The following arterial phenomena are common to 
both conditions and are abolished by closing the anastomosis in arterio- 
venous aneurysm , they are therefore due to the abnormal leak which is 
present 

( l ) Low diastohc pressure (supra) 

( 11 ) “ Water hammer ” character of the pulse, i e a sudden impact is felt 
by the palpating hand This sensation is due to the rapid upstroke in the 
initial phase of the primary wave, which may also be of greater amplitude 
than normal The phenomenon is much exaggerated by holding up the arm 
vertically 

Time from Beginning of Upstroke to Half way Point 

Horizontal position of arm Normal, 0 039 sec Aort Reg , 0 027 sec 

Vertical position of arm Normal, 0 045 sec Aort Reg , 0 017 sec. 

The speedy ascent is due to the abnormally low diastolic pressure 
Ab ventricular ejection meets with very little resistance, the blood leaves the 
ventricle very rapidly, and the aortic pressure rises with abnormal speed 
Visible pulsation in the arteries of the neck is due to the same reason, i e 
sudden distension of the underfilled vessels 

(m) Collapse of the Pulse — After the sudden impact just described, the 
pulse rapidly falls away Part of the fall occurs during systole (when no 
regurgitation is occurring), i e it precedes the dicrotic notch , this is attri- 
buted to a reflex vasodilatation of the peripheral artei loies (c f p 2G1) 
There is also a steep fall which follows the dicrotic notch and then fore occurs 
during diastole , this is due to the reflux of blood v Inch is then occurring 
into the ventricle 

A case showing all the arterial signs enumerated above is described by 
Lewis as one of “ free ” aortic regurgitation The degree of leak must lie 
equal to that present m arterio-venous aneurysm when the same arterial 
phenomena are present The leak, it is found may equal or exceed 50% of 
the total cardiac output 

Blood Pressure m Leg and Arm — In aortic regurgitation therp is hyper- 
tonus of the walls of the mam leg arteries, which diminishes the lumen of 
these vessels and so keeps the blood out of the dependent parts V hen the 
blood pressure is determined with the subject in the horizontal position, the 
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apparent systolic pressure is higher m the leg than in the arm as the spasm 
of the wall of the leg vessels must be overcome before obliteration of the 
vessel can begin If the limb is warmed the hypertonus disappears, and 
the systolic pressure readings m leg and arm become the same 

Capillary pulsation is present m aortic regurgitation, and is seen 
as a rhythmic expan- 
sion of the capillary 
loops with each beat 
of the heart , the 
pulsation affects the 
minute skm venules, 
too Capillary pulsa- 
tion is a physiological 
phenomenon and oc- 
curs in the skm and 
mucous membranes 
whenever the arteri- 
oles are sufficiently 
dilated, provided that 
the pulse pressure is 
normal and capillary 
and venule tone is 
not increased It is 
to be commonly ob- 
served myoung people 
at room temperatures 
of 17°-20° C, after 
soaking the hand m 
water at 45° 0 , and 
m the facial flush 
produced by amyl 
nitrite Capillary 
pulsation should 
therefore be regarded 
as associated with 
dilated arterioles,’ 
wIiicE permit 'the 
pulse to reach the 
minute skm vessels, 
rather than with any 
particular morbid 
condition 

It should be noted 
that the regurgitant 
stream m aortic incompetence raises the intraventricular tension in diastole 
nu mi 8 lm P et * es fdkng of the left ventricle through the mitral orifice 
I he filling of the coronary arteries is impaired because it normally occurs mainly 
during diastole and depends on the blood pressure during diastole which in 
aortic regurgitation is lowered The nutrition of the heart muscle suffers, 
and dilatation results 
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Fig 


175 — Circulatory Changes in Constrictive Pericarditis 
and the Effects of Pericardial Resection (Stewart and 
Heuer, Arch vnt Med , 1939, 63, 507 ) 

Circulation time in seconds a decrease in the time indicates increased 
cardiac output 

Cardiac output in litres per minute and c c per beat 
Venous pressure m cm EjO a fall of pressure indicates decreased 
venous congestion 

Imtiallv there was marked enlargement of the liver 
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REGULATION OF BLOOD PRESSURE 


The changes that take place in the circulation when failure of compensa- 
tion occurs 1 m aortic regurgitation are discussed on p 460 

Constrictive Pericarditis. — This chmcal condition (often called 
adherent 'pericardium ) illustrates well the results of external mechanical inter- 
ference with the heart’s action The pericardium is thickened and firmly 
adherent to the surface of the heart and to the mediastinal structures This 
mdistensible casing interferes with diastolic filling of the heart , it likewise 
hampers the shortening of the muscle fibres during systole The cardiac output 
is consequently reduced, the circulation time is prolonged, and the venous 
pressure is raised (Fig 175) Resection of the thickened pericardium leads to 
great circulatory amelioration 


REGULATION OF BLOOD PRESSURE * PERIPHERAL 

CIRCULATION 

The blood pressure is the lateral pressure exerted on the walls of the 
vessels by the contained blood The systolic arterial pressure is the maximum 
pressure in the arteries durmg systole , the diastolic pressure is the lowest 
pressure durmg diastole The pulse pressure is the difference between the 
diastolic and systolic pressure 

Measurement of Arterial Blood Pressure in Man — The sphygmo- 
manometer is used , the rubber bag (enclosed m an unyielding cuff) is fixed 
round the upper arm and connected with the pressure pump and a mercury 
or spring manometer The pressure m the bag is rapidly raised to 200 mm 
Hg to obliterate the brachial artery and to overcome any spasm which may 
be present , the subsequent procedure depends on whether the palpatory or 
auscultatory method is being used 

(i) Palpatory Method — The cuff pressure is lowered until the pulse caD 
just be detected at the wrist This is the measure of the systohc pressure , 
diastolic pressure cannot be determined by this method 

(u) Auscultatory Method — A stethoscope is placed over the brachial 
artery below the cuff The cuff pressure is lowered and a senes of character- 
istic sounds is heard 

First phase suddenly a clear sound is heard The systohc blood pressure 
is the pressure at which the sound is first heard The sound continues to be 
heard while the pressure is lowered by about another 15 mm 

Second phase the sound becomes murmurish m character , it can be 
heard while the pressure is lowered by about another 15 mm 

Third phase the murmur is replaced by a sound which becomes progres- 
sively louder and more “ banging ” in character durmg the next 20 mm of 
fall of pressure 

Fourth phase the sound suddenly becomes soft and muffled The point 
at which the sound begins to fade is the accepted criterion of the diastolic 
pressure 

1 Altschule, Medicine, 1938, 17, 75 

1 McDowall, Control of Circulation of Blood, 1938 Assoc Res nerv ment Dis > 
Circulation of Brain and Spinal Cord, 1938 Franklin, Brit med J , 1961, i, 1343, 1410 
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Fifth phase cessation of all sound In many cases, however, total 
cessation of the sound does not occur 

For clinical purposes, in addition to “ casual ” readings, it is important 
that basal readings should also be taken the patient is at rest m the recumbent 
position or in the sitting position with the artery at heart level , readings are 
repeatedly taken until a steady minimal level is obtained 

Normal Blood Pressure — During childhood the systolic pressure 
gradually mcreases It ranges from 75 to 90 mm Hg during infancy, from 90 
to 110 mm m childhood, and 100 to 120 mm about puberty The diastolic 
pressure ranges round 50 mm durmg the first few years of life, and after that 
until puberty it remains fairly 
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constant at 60 mm 

In adults the average normal 
systolic pressure is usually stated 
to be about 125-130 mm Hg with 
a range of i 15, i e values between 
110 and 145 mm are within the 
range of the normal In older 
people it is between 140 and 150 
mm (Fig 176) 

A study of over 10,000 appar- 
ently normal subjects of all ages, 
in many cases for periods of 10 
years, has led to sbghtly different 
conclusions 1 The usual normal 
range of systolic pressure was 90- 
120 mm Hg , that of diastolic 
pressure was 60-80 mm The 
“ mature ” pressure was reached in 
adolescence and did not rise with 
age The upper limits of normal 
systolic and diastolic pressure were 
placed at 140 and 90 mm respect- 
ively Most clinicians regard a 
basal aystohc blood pressure which 
indicating a deviation from normal 

The systolic pressure may fluctuate with physiological conditions such 
exertion (p 435), mental state, sleep, or meals 

The diastolic pressure is a measure of the peripheral resistance, and depends 
mainly on the tone of the arterioles It is less subject to temporary fluctua- 
tions than is the systohc pressure It is normally 35-50 mm Hg lower than 
tne systolic pressure 

mi Th ? P res s u ™ is the rise of pressure produced by ventricular systole 
tiier ® 13 * 1 general correspondence between the size of the pulse pressure 
out P ufc ° f tlie k eart m the sense that both increase or decrease 
yncUronously, there are no regular quantitative relations between the two 
„ same pulse pressure may at different times and in different individuals 
correspond to systolic discharges of very different volumes 

rap ic ecording. In animals the blood pressure can be recorded 
1 Robinson and Bracer, .drcft ini Med , 1939, 64, 409 
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graphically by inserting a cannula into the carotid artery and connecting it 
with a mercury manometer provided with a float and writing-point which 
records on a moving smoked surface The cannula and tubing are filled 
with an anticoagulant fluid These records show an oscillation with each 
heart beat The real pulse-pressure difference is not accurately recorded, 
as owing to its inertia the mercury does not rise to full systohc level or fall 
to the real diastolic level With a slowly beating heart there is more time to 
overcome the inertia of the mercury, and the oscillations are larger , with a 
rapidly beating heart the oscillations are smaller m extent The size of the 
oscillation is not a reliable indication of the cardiac output or force Commonly, 
too, a variation with the phases of respiration can be seen (Fig 186 and 
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Fig 177 — Pressure Gradient in Different Parts of the 
Vascular Bed 

Xote that the greatest fall of blood pressure occurs m the arterioles 
The osmotic pressure of the plasma proteins is indicated by 
the +, and is intermediate in value between the pressures in the 
arteriolar and venous capillary (After Landis, Airier J 
Physiol ) 

p 313) Direct blood pressure recording from the interior of arteries has also 
been carried out m man (Fig 186) 

Factors controlling (Arterial) Blood Pressure — The blood pressure 
varies as the product of the cardiac output and the peripheral resistance To 
a min or degree it also depends on the elasticity of the large arteries <p 262) 
The cardiac output depends on the venous return, the force and the rate 
of heart (for full discussion see pp 274 et seq ) Other factors remaining 
unaltered, an increase m cardiac output raises, and a fall in output lowers, 
the blood pressure The peripheral resistance will now be considered 

Peripheral Resistance — The peripheral resistance is found chiefly m 
the tomcally contracted arterioles (especially those of the splanchnic area 
and the skin), and to a less extent m the capillaries 

The pressure gradients m the various parts of the vascular bed have 
been determined directly in several species (Fig 177) Normally, the greatest 
fall of pressure takes place while the blood is flowing through the arterioles , 
but a considerable further fall occurs m the capillaries too 
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The frictional resistance encountered by fluid passing through narrow 
tubes depends on ( 1 ) its viscosity , (n) size of the lumen of the tube , (in) 
velocity of flow 

The factors deter minin g the viscosity of blood are discussed on p Ido 
A_decrease in, viscosity lowers the resistance, an increase in viscosity raises 
the resistance " If the viscosity of water is taken as 1, plasma is 1 55 , blood 
samples with corpuscular hsematocrit values of 25, 35, 45, 55 and 05% have 
viscosities of 1 7, 1 9, 2 1 , 2 6 and 3 0 respectively The greatly increased 
viscosity of the blood m erythrsemia (p 168) accounts m large measure lor 
the associated hypertension 

As the capillaries are so much narrower than the arterioles, it may be 
wondered why the resistance is principally met with m the lattci vessels , 
the reason is that rapidly flowing fluid meets with much more resistance than 
slowly flowing fluid, and the velocity in the arterioles is many times higher 
than m the capillaries 

The part played by the arterioles is so much better known than that of 
the capillaries that the latter are often left out from discussions of the peri- 
pheral resistance, but doubtless they participate m many reactions The 
significance of capillary tone is discussed on p 820 In some conditions 
arteriolar dilatation is associated with capillary contraction the major pa it 
of the peripheral resistance may then be located in the capillaries 

Fig 178 summarizes the factors which regulate the tone of the arterioles 

The Vasomotor Centre — The degree of contraction [tone) of the 
arterioles (and probably also of the capillaries and veins) is under the con- 
tinuous control of the vasomotor centre which is situated m the floor of the ' 


fourth ventricle at the level of the apex of the calamus scriptorius The 
centre gives rise to fibres which pass down the cervical cord (m the white 
matter of the lateral columns (Fig 687) to all the thoracic and the upper two 
lumbar segments to end in the connector cells of the sympathetic which he 
m the lateral horn of grey matter The vasoconstrictor fibres then pass 
out in the sympathetic nervous system (described in detail at pp 707 
el set] ) to the various paits of the body 

The vasomotor centre is continually sending out excitor impulses to the 
aitei idles to maintain their normal degree of tone The rate. of impulse 
conduction in vasomotor nerves is slow as the preganglionic are B fibres, 
and the postganglionic are C fibres (p 492) The frequency of the impulses 
m these fibres varies with the degree of activity of the vasomotor centre 
Thus usphj via tticreases the frequency of the discharge , depression of the 
vasomotor centre may cause a temporary arrest of the discharge in sym- 
pathetic nerves There is a variation in the sympathetic discharge with the 
phases of respiration , the maximum discharge occurs towards the end of 
inspiration owing to an m adiation from the respiratory to the vasomotor centre 
which is situated in very close relationship to it (cf p 271 and Fig 156) 

When the medulla oblongata is trans-sected at the level of the calamus 
scriptorius, a fall of blood pressure occurs down to about 40 mm Hg, because 
the tonic impulses from the vasomotor centre are cut off Section of the 
spinal cord above the level of the first thoracic segment produces an equally 
severe depression of the blood pressure, because the vasomotor centre has been 
cut off from all the sympathetic connector cells in the spinal cord Section 
below the level of the second lumbar segment produces a minimal effect. 
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because all tbe vasomotor fibres have already passed out of the cord fcf 
p 690} 

Following division of the spinal cord, the blood pressure finally recovers 
owing to the connector cells m the cord functioning independently as sub- 
sidiary vasomotor centres (p 691 ) 


H C 



Fig 178 — Regulation of Arterial Tone 

V M C =Vasomotor centre , R C = Irradiation from respiratory centre , C S , C B = Carotid sinus and 
carotid body , C C , E C =Connector and excltor cells of sympathetic nervous system , DKE = 
Dorsal nervo root dilator fibres , Parasymp =Cranial or sacral autonomic dilator fibres , A B— Aortic 
body , H C = Higher centres (cerebral cortex and hypothalamus) 


The activity of the vasomotor centre cannot be determined merely by 
recording the general blood pressure A rise m blood pressure may be due 
either to increased peripheral resistance or increased cardiac output (or botn) , 
if the peripheral resistance is halved and the cardiac output doubled, the blood 
pressure remains unchanged. The state of the blood vessels and the peri- 
pheral blood flow m various regions can be studied by the methods described 
below , particular attention will be paid to methods which are used in man 
Methods and Results of Studying Peripheral Circulation — 
(1) Plethysmography — The organ (m animals, limb, kidney, spleen, 
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intestine, etc , or m man, part of a limb such as hand, forearm, or hand plus 
forearm) is enclosed m an airtight vessel ( plethysmograph , oncometer) which 
is connected with a recording apparatus (Pig 179) Changes m the volume of 
the organ are due to alterations m the amount of contained blood, which in 
turn depends on the calibre of the blood vessels Expansion of the organ 
represents vasodilatation (Fig 187, A), shrinkage of the organ indicates vaso- 
constriction These changes may be actively produced by an alteration of 
local vascular tone or passively produced by a rise or fall of arterial or 
venous blood pressure The plethysmograph record does not give information 
about the particular section of the vascular system involved (t e whether 
arterioles, capillaries, or veins 
are affected). 

(2) Measurement op 
Arterial Inflow by Venous 
Occlusion Plethysmo- 
graphy 1 — The organ is en- 
closed m a plethysmograph as 
above , the venous outflow is 
obstructed for a few seconds 
The arterial inflow contmues 
practically unchecked during 
this time and the organ swells 
to an extent which is recorded 
by the plethysmograph sys- 
tem When the blood flow 
is to be measured by this 
method m a human limb 
(forearm, hand) a cuff is 
wrapped round the arm above 

the plethysmograph and the Pig 179 — Human Plethysmography 



pressure is raised suddenly 
to 50-70 mm Hg (le just 
below the diastolic pressure) 
to occlude the veins for 10 


The forearm la enclosed In an airtight plethysmograph which 
is connected with a Harey's tambour If a blood pressure 
cuff Is placed on the upper arm and inflated for 10’ to arrest 
the venous outflow, the blood flow can be measured by 
venous occlusion plethysmography 


seconds The degree of limb swelling which occurs during this time is 
determined (Fig 200) , it equals the arterial inflow The pressure is then 
released and the procedure repeated at intervals of 5-10 seconds 

It should be noted that in man the upper arm or forearm consists of 85% 
muscle and 10% skin , in the hand, and especially m the digits, the muscles 
form a much smaller proportion of the total tissue mass Changes m skeletal 
muscle blood flow m man are discussed on p 432, and m skm flow on p 327 

(3) Skin Temperature — These measurements are carried out m man 
with a thermocouple connected with a sensitive galvanometer A fall of skm 
temperature (when the external temperature is constant) represents diminished 
local blood flow (usually due to active arteriolar constriction) , conversely, a 
rise of temperature represents arteriolar dilatation and greater blood flow 
(For records, see Figs 198, 211, 216, 217 ) 

(4) Cerebral Blood Flow — (l) Estimates hosed on arterial-venous ( A-V ) 

a . nd I Gr , ant > BeaH, 1925, 12, 73 Grant ei at , GUn Set , 1938, 3, 119 157, 273, 
Wilkins el a l , %bid ,403 ’ 
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oxygen difference — In man the oxygen content of arterial and jugular venous 
blood may be determined on samples obtained by direct puncture of the 
vessels The average results obtained are as follows oxygen capacity 20 c c 
(per 100 c c ) , arterial 0 2 content 19 c c , ]ugular venous 0 2 content, 
12 8 c c , arterial-venous oxygen difference 6 2 c c The venous blood leaving 
the brain is thus more extensively reduced than elsewhere m the resting body, 
i e about 65% saturated with oxygen mstead of 75% as m mixed venous 
blood If it is assumed that in any one normal person the oxygen consumption 
of the brain is constant, it follows that an increase m the A-V oxygen difference 
indicates a decreased brain blood flow a decrease m the A-Y difference 
indicates a rise m the blood flow In abnormal bram states (e g epilepsy) 
these assumptions may not hold good 

(n) Nitrous Oxide Method 1 — The subject breathes a mixture of 15% mtrous 
oxide m air for 10 minutes During this period six samples of blood are taken 
at intervals from an artery and from the jugular venous bulb, and their 
nitrous oxide content is determined After making a number of ass um ptions 
and employing a complex formula a value is obtained which is claimed to be 
the cerebral blood flow The average flow m normal people is 54 c c (±12) 
per 100 g of bram per minute If the bram weight is taken as 1400 g the 
total cerebral blood flow is 750 c c (range 600-900) per minute, or one-seventh 
of the total cardiac output As the arterio-venous oxygen difference is 
about 6 5 c c %, the total oxygen consumption of the brain is about 50 c c 
per minute or over 3 5 c c /100 g /mm The cerebral blood flow should be 
compared with that of muscle, which at rest is 1-4 c c and during violent 
exercise 30-40 c c per 100 g per minute , the cerebral blood flow per 100 g 
thus substantially exceeds that of powerfully contracting muscle The 
metabolic rate of nerve cells must be extraordinarily high 

The cerebral blood flow is diminished by the following procedures 

(l) A fall of arterial blood pressure reflexly produced by carotid smus 
stimulation 

(n) Overventilation which lowers the arterial C0 2 tension , lack of 
C0 2 acts directly on the cerebral arterioles causing active constriction 

(m) A rise of mtracramal pressure above 300 mm H s O which mechanically 
compresses the cerebral capillaries and vems 

(iv) Inhalation of 85-100% oxygen which reduces the flow by 15% 

A rise in cerebral blood flow is produced 

(l) By C0 2 excess which acts directly on the cerebral vessels causing active 
dilatation Inhalation of 5-7% C0 2 increases the cerebral blood flow by 
75% 

(n) By oxygen lack inhalation of 10% 0 2 increases the flow by 35% 

The cerebral and pial vessels are supplied by sympathetic vasoconstrictor 

nerves Direct observation of the exposed pial vessels in ammals shows that 
stimulation of the peripheral end of the cervical sympathetic causes con- 
striction of the pial vessels, with or without a rise of blood pressure or of 
cerebrospinal fluid pressure , the average reduction in the diameter observed 
is 7% The vessels are moderately dilated after sympathectomy, or reflexly 
by stimulating the central end of the vagus The purpose served by the 
sympathetic innervation is not clear The blood flow through the bram 
vanes directly with the level of artenal blood presture (e g it is markedly reduced 
1 Koty and Sohnudt, J cUn Inveshg , 1948, 27, 476 ct seq 
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m a severe haemorrhage) As the skull cavity is a closed mexpansible box, 
dilatation of the cerebral vessels can occur only to the extent that cerebro- 
spinal fluid is expelled , such dilatation results from local changes in the 
chemical composition of the blood, e g CO 2 excess, O 2 lack Tlie bloo d vessels 
are directly const ricted by COglack_qr h igh 0 2 p ressure TTraised venous 
pressure mechanically impedes the outflow of blood ~ fro m the brain In 
disease, spasm of the cerebral vessels may occur from nervous or chemical 
causes 

(5) Coronary Circulation, see p 237 

(6) Pulmonary Circulation 1 — The pulmonary arterioles are few and 
contain httle smooth muscle , the corresponding capillaries and veins are 
very distensible There is thus a low peripheral resistance in the pulmonary 
circulation , the blood pressure in the right ventricle and pulmonary artery 
is correspondingly much lower than m the left ventricle and aorta In man 
right ventricular pressure is 18-30 mm Hg systolic (average 25) and 0-2 mm 
diastolic , pulmonary artery pressure is on an average 25 mm systohe and 
8 mm diastolic (Fig 150) , pulmonary capillary blood pressure, therefore, lies 
between 8 and 2 mm Hg, which is far less than the plasma protein osmotic 
pressure (p 15) The wall of the right ventricle is much thinner than that of 
the left ventricle 

Sympathetic fibres supply the media of the pulmonary arterioles , 
sympathetic sti mul ation causes co nstriction of these vessels, raising pulmonary 
artery pressure "The physiologicaT~iigmficance of this "nervous control is 
unknown 

The time taken by a red cell to flow through the lungs at rest is 4—5 sec , 
the time spent by a red cell in the capillaries is 0 7 sec at rest and 0 3 sec 
during exercise , during this brief period gaseous pressure equilibrium is 
established between the alveolar air and the pulmonary capillary blood 
The volume of blood present in the lungs at any time is normally about 
10% of the total blood volume, e g 500 c c As the pulmonary vessels are 
so readily distended, they can accommodate larger volumes of blood without a 
significant rise of local blood pressure An increase m pulmonary blood volume 
always takes place at the expense of the air m the air-sacs, thus decreasing 
the vital capacity (p 362) For example, on passing from the standmg or 
sitting to the recumbent position the venous return and right heart output 
are increased, causing “ active congestion ” of the lungs and a corresponding 
decrease in the vital capacity 

Pulmonary Circulation in Disease — ( 1 ) If one lung is removed or 
completely collapsed by an artificial pneumothorax, there is usually no rise 
in pulmonary artery pressure because the vessels m the normal lung become 
sufficiently distended to transmit the larger blood flow through them with 
little increase in peripheral resistance 

(n) In emphysema overdistension of the alveoli tends to compress and 
obstruct the vessels lying m their walls , similar effects may be produced by 
extensive pulmonary fibrosis In advanced cases, as a result of the increased 
resistance of the blood, flow, the pulmonary artery pressure is raised (e g to 45 
mm Hg systohe) and the work of the right heart is correspondingly increased. 

(m) In congestive heart failure (e g resultmg from mitral stenosis) the 
e t auricular pressure, and therefore pulmonary venous pressure, rises. 

1 Cournand, Bull N 7 Acad Med , 1947, 23, 27 
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Finally the right ventricle may fail to empty itself completely and right 
ventricular diastolic, as well as systohc, pressures rise considerably (Fig 150) 

Factors concerned in the development of pulmonary oedema are considered 
onp 116 

(7) Splanchnic Area and Skin — These two regions constitute the 
major part of the peripheral resistance Stimulation of the peripheral end 
of the splanchnic nerve produces a considerable rise of blood pressure ( e g 
as much as 100 mm Hg) owing to constriction of the vessels m the viscera 
The rise of pressure is usually partly due to the simultaneous secretion of 
adrenaline (cf p 731) Conversely, splanchnic section causes marked 
vasodilatation in the viscera (Fig 187, A, p 315) 

The changes in the circulation in the human skm under various conditions 
are fully discussed on pp 321 et seq 

(8) Renal Circulation — This is fully discussed on pp 24 et seq 

(9) Skeletal Muscle — These arterioles receive both a vasoconstrictor 
and a vasodilator sympathetic innervation Normally the tome constrictor 
influence predominates , thus blocking the sympathetic supply to the muscle 
vessels m man, increases the restmg blood flow to a moderate extent, e g 
from 3 or 4 to about 8 c c per 100 c c of tissu e On heatmg the body not 
only is constrictor tone in the muscle vessels inhibited, but the vasodilators 
are also reflexly stimulated produemg a greater blood flow than occurs after 
sympathetic nerve block (which puts both vasoconstrictors and vasodilators 
out of action) It is noteworthy that when fainting occurs as a result of a 
haemorrhage, the blood flow through the skeletal muscles is greatly mcreased 
in spite of the associated low level of arterial blood pressure , sudden vaso- 
dilatation due to nervous impulses seemB to be the causal factor (p 84) 
Minute doses of adrenaline dilate muscle vessels , larger doses may be 
constrictor 

The prmcipal factors controlling the cahbre of the skeletal muscle vessels 
are metabolites, i e the chemical products of muscular activity, or the 
substances released during ischaemia (p 330) 

(10) Large Peripheral Vessels — The descending aorta, the fliacs, and 
the subclavians are innervated from adjacent sympathetic gangha The 
more peripheral vessels (axillary, femoral, etc ) are supphed at intervals by 
non-medullated postganghomc fibres which have travelled m adjacent nerve 
tr unks and leave them to supply short lengths of the vessel wall 

(11) Innervation and Functions of Veins, p 318 

(12) Innervation and Functions of Capillaries, pp 17, 319 

(13) Deter min ation of the circulation time may throw hght on the state of 

the peripheral'circulation, both venous and arterial (p 262) • 

Vasodilator Nerves — Vasodilator fibres are found as follows 

(1) In the sympathetic nerves 1 the sympathetic fibres to blood vessels are, 
of course, predominantly vasoconstrictor in character, but by special methods 
a certain number of dilator fibres can also be demonstrated, e g supplying 
the muscle blood vessels m man (supra) 

(2) In the cranial and sacral autonomic e g chorda tympam (p 20), 
nin th nerve (p 714), nervi engentes (p 712 ) 

(3) Vasodilator Fibres m the Dorsal Nerve Roots — As is explamed on 
p 721, stimulation of the peripheral end of the cut dorsal nerve root produces 

1 Bom, Physiol Rev , 1938, 18, 137 
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vasodilatation in tlie corresponding segment of the body Impulses pass to 
the skm causmg a local release of histamine which produces its characteristic 
triple response of capillary dilatation, wheal, and arteriolar dilatation (flare) 
(p 325) (Fig 195) Other impulses pass to the muscle vessels releasing 
acetylcholine which causes vasodilatation 

Herpes Zoster — The above experiments explain the cutaneous pheno- 
mena of herpes zoster In this disease noxious influences, such as inflamma- 
tion, haemorrhage, pressure, or poisons, act on the dorsal root ganglia or 
their cramal homologues The lesions are equivalent to stimulation of the 
gangha, and so dilatation and mcreased permeability of the blood vessels 
in the corresponding skm area occur This leads to exudation of protein-rich 
fluid and formation of vesicles in groups along the distribution of the dorsal 
nerve roots or their cutaneous sensory branches 

Factors influencing Vasomotor Centre — (1) Higher Centres — 
(l) A rise of blood pressure commonly occurs m emotional stress and m 



C»t Blood pressure At the first arrow, the animal was ventilated with pure air at 
the rate of 160 times per minute The blood pressure rapidly tails At the 
second arrow, expired air (rich in CO,) waB substituted The blood pressure 
rises again (Dale and Evans, J Phynol ) 

anticipation of muscular exercise , (u) inhibition of the vasomotor centre 
may m part be responsible for fainting fits, e g in ansemic girls ( vaso-vagal 
attach) (p 271) Both effects are due to impulses from the higher centres to 
the vasomotor centre 

The effects of stimulation of the hypothalamus and cerebral cortex are 
discussed on pp 716, 671 

(2) Radiation from Respiratory Centre — During inspiration, im- 
pulses flow from the respiratory centre setting up increased activity of the 
vasomotor centre (pp 303, 313) , during expiration the discharge of the 
centre is diminished 

(3) C0 2 Tension — The vasomotor centre can only function effectively 
in he presence of an adequate C0 2 tension If an animal’s lungs are exces- 
sive y ventilated with atmospheric air to lower the C0 2 tension m the alveolar 
air and consequently m the arterial blood, a considerable fall of blood pressure 
usua y results , this is principally due to inhibition of the vasomotor centre 
resulting m dilatation of the vessels in the splanchnic area (Fig 180) The, 

oo pressure can be restored and raised above normal by ventilating with 
ir con auung excess of C0 2 , thus restoring the C0 2 pressure in the arterial 
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blood The inhibitory and stimulating actions of C0 a on the vasomotor 
centre are partly direct , m part, however, they are reflexly produced via 

the smo-aortic nerves from the 
chemoreceptors m the carotid 
and aortic bodies (p 745) 

By means of perfusion experi- 
ments it can be shown that C0 2 
also acts directly on the arteriolar 
wall a raised G0 Z tension relaxes 
arterioles, a lowered C0 2 tension 
constricts arterioles (cf p 317) 
The peripheral effects are very 
evident in the shin By its 
peripheral action, therefore, C0 2 
produces effects which are just 
the opposite of those it produces by 
its central action 

In man the central and peri- 
pheral effects of C0 2 may neutral- 
ize one another to a considerable 
extent Overventilatton m man 
(which lowers the C0 2 tension) 
commonly produces no change m blood pressure , the skm vessels are 
constricted , and the skm becomes cold and pale (p 408) C0 2 excess in 

man only raises the blood pressure after a considerable latent period and when 
the CO 2 pressure is very high, eg 7% of an atmosphere (Fig 181) The 
skm becomes red and hot, i e vasodilatation takes place there, though 
vasoconstriction presumably occurs m the internal regions 



At ON, subject rebreathed from a bag containing 15 L 
of a mixture of 95% 0 2 and 5% C0 2 At OFF, 
the subject was again put on to air , the final 
value of C0 2 in the bag was 8 0% (Wright ) 



Fig 182 — Effect of Acute Anoxia on Human Blood Pressure 
and Pulse Rate 

To left of first vertical line = control readings Between ON and OFF 
nitrogen was mholed (cf Fig 243) (After Schneider and Truesdell 
Amer J Physiol ) 

(4) Oxygen Lack — 0 2 excess has no effect on the vasomotor centre A 
severe decrease m the oxygen tension of the blood — produced m ammals by 
artificially ventilating the lungs with an inert gas like nitrogen, or by giving 
an oxygen-poor mixture — stimulates the vasomotor centre (partly directly, 
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mainly reflexly via tie smo-aortie nerves from tie ciemoreceptors), and 
may cause a considerable rise of blood pressure It must be remembered, 
however, tiat anoxia depresses tie heart’s action if tie ieart weakens 
markedly, no rise, or even a fall of pressure may occur 

In man acute severe anoxia produces little rise of blood pressure, and most 
of tiat is emotional in origin (Fig 182) After about one minute, with tie 
onset of cyanosis, tie pressure may fall, sometimes considerably, owing to 
tie ieart muscle becoming depressed Anoxia which develops gradually m 
man may lead to no change in arterial blood 
pressure before the onset of heart failure 
(Fig 243). 

Cerebral Ancemi a — Acute complete cere- 
bral ancemia (from occlusion of tie carotid 
and vertebral arteries) may produce a huge 
rise of blood pressure in animals, partly 
reflexly from tie collapsed carotid sinuses 
and partly directly because of C0 2 accumula- 
tion and oxygen lack in tie brain (Fig 183) 1 
Some rise of blood pressure may occur 
clinically from cerebral anaemia due to raised 
intracranial pressure 

Changes m tie pressure m the cerebral 
vessels have no direct effect on tie tone of 
the vasomotor centre 

^■"(6) Sinus and Aortic Nerves — Tie 
afferents from tie pressure receptors are 
principally responsible for stabihzmg the 
blood pressure and preventing it from varying 
very much , they similarly maintain tie 
resting ieart rate within narrow imits 
These smo-aortic nerves are normally carrying 
up a constant stream of afferent impulses 
which exert a tonic inhibitory influence on 
the vasomotor centre (cf their action on 
ieart rate, p 272) 1 Tie evidence is set out 
elsewhere (p 738) , The mam points only are referred to below 

(i) Stimulation of tie central end of tie aortic or sinus nerves usually 
reflexly lowers tie blood pressure, in part owing to inhibition of tie vasomotor 
centre with resulting vasodilatation 

(n) Section of either pair of nerves raises tie blood pressure (more 
especially if the other pair has previously been cut) mainly because of 
released overactmty of tie vasomotor centre and resulting vasoconstriction 
Denervation m stages leads to tie development of chronic hypertension (p 744) 
(in) Variations in carotid sinus pressure can be produced by occluding tie 
carotid arteries or by appropriately planned perfusion experiments A fall 
oi carotid smus pressure reflexly produces vasoconstriction and a rise of 
ood pressure, while a rise of carotid smus pressure reflexly produces vaso- 
dilatation and a fall of blood pressure 

a ^ ercn t impul6os from the chemoreceptors Bet up by 0, lack or CO- excess also 
etioxly simulate the vasomotor centre (see pp 743, 746) 


Fig 183 — Effect of Cerebral 
Anaemia on Blood Pressure 

Ordinate Arterial blood pressure in 
mm Hg T me m minutes 
Smus nerves intact Vagi cut At first 
arrow (F on) clamp vertebral 
arteries , at Becond arrow (O on) 
occlude both carotids The immense 
rise of pressure which results ib partly 
reflex and partly due to stimulation 
of the vasomotor centre by complete 
ancemia At C off, release carotids 
and at V off, release vertebral 
arteries (Wright, J Phynol , 1930 
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(iv) The high sensitivity of the sinus to internal pressure changes must 
be stressed , a deviation of 10 mm Hg is sufficient to cause a reflex response 
Koch studied the reflex effect on blood pressure of raising the pressure in the 
isolated innervated carotid smus from zero to various levels 1 The results 
are plotted, with the pressure in the smus along the abscissa and the percentage 
fall of blood pressure on the ordinate (Fig 184) An S-shaped curve is 
obtained The mam features are these there is a threshold value for the 
smus pressure below which no reflex is set up (this varies from 30 to 70 mm 
Hg) , at the other extreme there is a maximum effective pressure beyond 
which no additional response is obtained (this varies between 150 and 300 mm 
Hg) The curve is steepest in the normal blood pressure range, and it is 
interesting to note that the actual turmng-pomt, marked with — on the 
tracing, agrees closely with the normal average level of blood pressure m the 



PRESSURE IN CAROTID SINUS (mm Hg ) 

Fig 184 — Carotid Smus Pressure and Vascular Tone 

The curves show the percentage fall of blood pressure (ordinate) produced by raising 
the pressure m the isolated carotid smus (abscissa) Up to a point the higher 
the level of carotid smus pressure the greater the reflex fall produced The 
point marked with a — is the level of normal blood pressure for the species and 
is the region m which the most sensitive smus reflexes are obtained At 
higher smus pressures progressively smaller reflex effects are obtained 
1= monkey , 2 rabbit, 3=dog, 4 = cat (After Koch) 

particular species studied the value for the monkey is 85-95, the dog 
110-135, and for the cat 145 mm Hg Variations in smus pressure on either 
side of this pomt cause the greatest reactions In the intact animal, therefore, 
when the blood pressure tends to deviate from the normal, the receptors 
xn the sinuses respond in a very sensitive maimer, affect the bulbar 
centres appropriately, and rapidly restore the blood pressure to its usual 
level 

The afferents arising m the aortic arcb presumably act similarly 
(6) Afferents from other Regions — General or local vasomotor tone 
can be refiexly modified by afferent impulses from various parts of the body 
(l) In animal experiments, stimulation of the central end of a peripheral 
nerve (e g sciatic) with strong, rapidly interrupted currents refiexly raises 
the blood pressure , through a certain range of stimuli, the greater the 
strength of stimulus the greater the rise of pressure Weak or slowly inter - 
1 The other sinus nerve and both vagi were ent to exclude cardiac and compensatory 
effects 
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rupted currents produce a fall 1 The peripheral nerves thus contain both 
afferent pressor and afferent depressor fibres which respectively stimulate and 
inhibit the vasomotor centre 

(n) In man, a variety of vasomotor reflexes can be obtained liius 
(a) a sensory stimulus hke a noise may reflexly constrict skin vessels and dilate 
muscle vessels (Fig 185) , (b) heat and cold applied to the skin respectively 
reflexly dilate and constrict the skin vessels, especially in the hands anxl 
feet (p 327) , (c) distension of the duodenum reflexly constricts the vessels 
m the toes and fingers (p 762) 

Relation of Respiration to Blood Pressure. — In animal experiments 
it is common to find regular variations m the blood pressure with the phases 
of respiration, the pressure rising during inspiration and falling with expira- 
tion , a similar relationship may sometimes be noted in man (Fig. 186) 
On the otherhand, " the opposite relationship may be found, or the blood 


Forearm Volume Curve 
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1 Loud Noise 


Fra 185- 


-Reflex Dilatation of Mufcle Vesaelt m Man 
Clin Sci , 19&, 3, 135 ) 


(Grant and Pearson, 


Forearm (volume— COO o o ) In plethysmograph , a loud noise (at the arrows) 
reflexly Increases forearm volume (vasodilatation) As the hand under 
the same conditions shows vasoconstriction It may be supposed that the 
akin vessels constrict , as the forearm volume increases in spite of 
cutaneous vasoconstriction, the muscle vessels have dilated 


pressure may be unaffected by the phases of respiration The reason for this 
variability is that conflicting factors are at work 

During inspiration there is (l) irradiation of impulses from the respiratory 
centre to the vasomotor centre, increasing arteriolar tone (cf p 303) , a deep 
inspiration m man, for example, produces notable constriction of the 
skm vessels (e g m the fingers) , (n) owing to the descent of the diaphragm 
* a nd the greater negative pressure m the pleural cavity the venous return is 
increased, and the heart rate and output rise similarly These two factors 
tend to raise the blood pressure On the other hand, during inspiration 
(m) the negative pressure in the thorax is increased This pulls on the walls 
of the thin capillaries and venules which surround the alveoli of the lung and 
increases the lumen of these vessels As a result, some of the blood which 
is expelled by the right heart is held up m the lungs to fill the dilated vessels, 
and less therefore reaches the left heart The left ventricular output is 
lessened, and this tends to lower the systemic blood pressure 

During expiration the mtrathoracic negative pressure is diminished , the 
leBult is that some of the excess blood is squeezed out from the pulmonary 
bed The left heart receives this blood in addition to the output of the right 
heart, tending to raise the blood pressure , but owing to the decrease m 
1 This rule does not apply to the afferent fibres m the vagns nervea (Fig 475) 
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general venous return durmg expiration, less blood reaches the heart, the 
output is decreased, and the blood pressure tends to fall 

It will be noted that m the mam two conflicting factors are constantly 

at work the changes m the 
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Fio 186 — Variations in Blood Pressure with 
Phases of Respiration m Man (Battro 
el al , Arch tnt Med , 1944, 73, 29 ) 

A quiet breathing B deep breathing 
In both A and B the arterial blood pressure was recorded 
by means of an xntra arterial cannula connected with 
a membrane manometer Time in B in 0 2 sec 
B P values in B are in mm Hg In A the blood pressure 
is maximal at the end of (quiet) expiration and 
min imal at the end of (quiet) inspiration In B with 
deep breathing the fluctuations arc more marked , 
B P is maximal at the end of inspiration and minimal 
at the end of expiration , thus systolic B P vanes 
between 140 and 170 mm , and diastolic between 95 
and 105 


m 

capacity of the pulmonary bed 
tend to lower blood pressure 
m inspiration and raise it in 
expiration, while the venous 
return and heart rate alterations 
tend to produce exactly the 
reverse effects It is not sur- 
prising, therefore, to find that 
the effects of respiration vary 
in different species and with 
the exact type of breathing 
employed 

Relation of Adrenal Medulla 
to Blood Pressure — This is fully 
considered on pp 724, 731 et seq 

There is no evidence that 
any of the other ductless glands, 
eg the neural division of the 
pituitary (p 46), play any 
part m normal blood pressure 
control 

Regulation of the Normal 
Blood Pressure — In the normal 
resting person the blood pressure 
is steadily maintained withm 
comparatively narrow limits If 
one may so express it the normal 
level of pressure represents a 
compromise between a number 
of conflicting interests It must 
be remembered that, other things 
being equal, the blood flow 
through the bram will vary 
directly with the blood pressure 
A pressure which is much below 
normal is unable to drive an 
adequate amount of blood to 
the brain against the force of 
gravity If the blood pressure 
is raised excessively, it serves no 


useful purpose and imposes an additional burden on the heart and a greater 
strain on the blood vessel walls The level of blood pressure also regulates the 
coronary blood flow (p 237) and the rate of filtration m the glomeruli of the 
kidney (p 25) The desired constancy of the blood pressure is attained mainly 
reflexly by the smo-aortic nerves {buffer nerves), by means of the variable 
tome inhibitory influence which the pressure-receptor fibres exert on the 
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cardiac and vasomotor centres and on adrenaline secretion A rise of blood 
pressure at rest increases tbeir inhibitory activity, a fall of blood pressure 
lessens it 

The four smo-aortic nerves form a functioning entity , their regulatory 
r61e m the body can be illustrated by many observations 

(i) Occlusion of the carotid arteries produces a greater reflex rise of blood 
pressure after the aortic nerves have been cut and their restraining influence 
thus removed 

(n) The rise of blood pressure resulting from stimulation of the peripheral 
end of the splanchnic nerves is greater after cutting the smo-aortic nerves, 
although the initial blood pressure is higher 

(in) Stimulation of the central end of the aortic nerve in the rabbit 




Fra 187 — Effects of Splanchnic Nerve Section on Circulation (Kremer and Wright, 

Quart J exp Physiol , 1932 ) 

A Cat Upper record, blood pressure Lower record, spleen volume Time tracing shows 30 second 
Intervals Aortic and sinus nerves intact At the point marked by the arrows the right splanchnic 
nerve was divided There is a slight initial rise of blood pressure and splenic constriction owing to 
mechanical stimulation of the nerve This Is followed by marked dilatation of the spleen from loss of 
vasoconstrictor tone The blood pressure Is unaltered owing to the compensatory effects set up 
reSexly by the pressure receptor afferents in the sinus and aortic nerves 
B Cat Blood pressure record Roth vagi cut Right carotid dipped At the first arrow (A) left carotid 
occluded Owing to the fall of sinus pressure the B P rises markedly to 240 ram Both carotid sinuses 
■Jfl now out of action and the aortic nerves are, of course, divided At the second and third arrows 
{B, C) tbe right and left splanchnic nerves are successively divided After a transient initial rise 
(due to mechanical stimulation) the hlood pressure rapidly and progressively declines 

bungs about a bigger fall of blood pressure and a more sustained slowing 
of the heart when the other buffer nerves have been divided , the same is 
true of stimulation or distension of the carotid sinus 

(iv) If the splanchnic nerves are cut, with the smo-aortic nerves intact, 
the fall of blood pressure, if it occurs at all, is sbgbt, transient, and soon 
recovered from m spite of extensive dilatation of the abdominal vessels 
(hig 187, A) , this is due to reflex compensatory vasoconstriction m other 
parts of the body If the smo-aortic nerves have been previously divided, 
splanchnic section produces a larger absolute and percentage fall of blood 
pressure (Tig, 187, B) 6 

a k®morrhage it is found that section of the vagi may produce a 
turner fall of hlood pressure as shown m Tig 188 Such results were thought 
indicate that in states of extreme hypotension afferent pressor impulses 
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may be set up by the endmgs in tbe carotid sinus and aortic arcb It is more 
probable however that in haemorrhage the chemoreceptors are stimulated by 
anoxia and reflexly stimulate the vasomotor centre and so help to maintain) 
the blood pressure (pp 82, 746 ) l 

The importance of the sino-aortic nerves is clearly brought out by" 
experiments m which they are divided If both aortic and smus nerves 
are cut in an acute experiment, the blood pressure markedly rises , but the 
animals do not usually survive long and soon succumb from ventricular 
fibrillation or pulmonary oedema If the smo-aortic nerves are removed m 
two stages, the animals may survive for long periods and develop a persistent 
hypertension (p 744) 1 

In exercise the blood pressure rises (in spite of the regulatory action of 
the smo-aortic nerves) mainly owing to the increased cardiac output (p 435) 
After removal of the entire sympathetic system m cats (p 715) the 

blood pressure is not significantly 
lowered It must be supposed 
that arteriolar tone is restored 
through inherent properties of 
the vessel wall or by means of 
some unknown chemical agents 
In man, however, following sym- 
pathectomy vascular tone is not 
fully restored even after many 
years 

Adjustment of Blood Flow 
Fig 188 — Afferent Pressor Fibres m Vagi to Local Needs. Peripheral 

(McDowall, J Physwl , 1925 ) Control of Vessels. — The vaso- 



Cat • Blood pressure The Wood pressure has been motor nerves not Only maintain 
lowered to 60 mm by means of bleeding At the . . J , 

arrow the two vagi were divided , the blood pressure general arteriolar tone and 60 
fell further This result suggests that pressor U„ PT1 1iri +}, p hlnod nrpRRlire 

afferent fibres in the vagi, probably from chemo f ee P U P 1)116 mooa Pressure 

receptors, were helping to sustain the blood pressure but also provide an important 

reflexly mechanism by means of which 

the blood flow to any part can be adjusted to its special needs The muscle 
coat of the arterioles is also acted on by chemical agencies ( e g natural hormones 


like adrenaline, or products of metabolism like C0 2 ), and by local temperature 
changes In some parts, like the skin, the vascular adjustments are mainly 
due to alterations m sympathetic nervous activity and of temperature , m 
skeletal muscles chemical factors predominate sometimes all types of agency 
act at one time In some circumstances local circulatory adjustments are 
inadequate, and as m violent exercise, the entire circulation must be adapted 
to serve the needs of the active tissues (the skeletal muscles and heart) 

An increase m the blood flow to a part may be produced m the following 


(1) By vasodilator nerves (fully described on p 308) , these, however, 
supply a limited number of organs, eg heart, salivary glands, penis The 
dilator fibres are often also the motor or secretory nerves to the part, and 
m this way vasodilatation is coincident with activity This is the case m 
the chorda tympam to the submaxillary gland (p 20) or the sympathetic 
supply to the heart (p 237) 

1 Kremer, Wnght, and Scarff, Brit J exp Path , 1933, 14, 281 
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( 2 ) By general circulatory adjustments — If the blood pressure is raised 
as a result of vasoconstriction limited to certain areas, blood vessels m other 
zones become passively opened up by the higher pressure of the blood reaching 
them Thus injection of adrenaline (p 724) constricts the vessels m the 
splanchnic area and skm and raises the blood pressure , the blood is thus 
diverted to the skeletal muscles and heart (where adrenaline also produces 
active dilatation of the vessels) The same type of adjustment occurs in 
muscular exercise, except that here m addition products of metabolism widely 
dilate the vessels m the skeletal muscles (p 432) 

(3) By inhibition of vasoconstrictor tone, usually reflexly via the vasomotor 
centre— Thus heating the body dilates the blood vessels m the limbs by 
inhabiting the discharge of the vasomotor centre (p 327) 

(4) By heat actmg directly on the vessel walls — The skm vessels are thus 
opened up m hot weather , the 
temperature of active organs 
rises with a similar result 
(P 327) 

(5) By chemical changes m the 
tissues — Perfusion experiments 
show that a rise of C0 2 tension 
or of E + ion concentration or 
oxygen lack directly dilates blood 
vessels These agents may all 
come into action m secreting 
glands or contracting muscle If 
muscle is made to contract 
anaerobically after poisoning with 
lodoacetic acid, though no C0 2 or 
H+ ions are liberated vasodilata- 
tion occurs , this observation 
shows that non-acid dilator sub- 
stances may be liberated during 
activity Experiments on ischcemia followed by reactive hypercemia (p 329) 
prove that when the blood supply to a tissue is cut off, the blood vessels 
locally dilate owing to the accumulation of certain products of tissue 
activity , adenylic acid and possibly histamine are among those chemically 
identified These results suggest that a variety of products of tissue 
metabolism, called non-committally metabolites, are constantly formed at 
Test and appear m increased amounts as a result of activity and adjust 
(by variations in their concentration) the calibre of the local blood vessels, 
and consequently the local blood flow, at a level which is appropriate to the 
physiological state prevailing at the time 

, . , e P nr >ciples are discussed m greater detail for salivary glands (p 20), 

cart (p -38) , skeletal muscles in exercise (p 432), and the skm during 
exposure to varying external temperatures (pp 327 et seg ) 

, r eri °-Venous Anastomoses 1 — In many tissues the arterioles and 
pin i) 63 are dlret % connected by channels which are independent of the 
is vn ar +i, ne ^ WOr ^ , the muscular wall of these cross-connections 

ry nick and richly supphed with vasomotor nerves The anastomoses 
1 Clark, Physiol Rev , 1938, 18, 229 



Fig 189 — Diagram showing an Arteno Venous 
Anastomosis (Ava) linking up a Terminal 
Arteriole (A) with a Small Venule (V) m 
the skin Above is indicated the Capillary 
bed (Cap) (Le Gros Clark, Tissues of the 
Body, Oxford, 1939 ) 
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are particularly numerous in tlie skin, especially in the fingers m the region of 
the nail bed they are opened up by heat, thus enabling a larger volume of blood 
to pass through these wide channels directly from the arteries to the v eins , 
the resulting increase m dermal blood flow facilitates heat loss The reverse 
changes are produced by cold The anastomoses probably account for the 
enormous changes of skm flow produced by alterations of temperature 
(Pig 198, p 327) Anatomoses are also found in the sex organs, e g between 
the arteries and the cavernous sinuses of the penis, and in the kidney, hver, 
spleen, and lungs The maximum diameter of the anastomoses m different 
species is 50-390 n 

Pathological arterio-venous anastomoses are estabhshed when an injury 

affects the walls of an adjacent 
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190 — Reflex Contraction of Veins in 
(Doupe et al , J Physiol , 1938, 92, 396 ) 

An 8 cm length of a wist vein in man was exposed, blocked 
above and below, and needled , the contained blood 
was replaced by saline and the needle connected with a 
pressure recording apparatus During the period 
indicated by the signal line, cold was apphed to the 
surface of the body The vein reflexly contracted as 
shown by the rise of intravenous pressure 


artery and vem leading to a 
direct blood flow from the 
artery to the vem (p 298) 
Physiology of Veins 1 — 
The veins are innervated and 
their cahbre regulated m the 
same way as the arterioles 
The sympathetic exerts a tome 
constrictor influence on veins , 
sympathetic section leads to 
venodilatation m man The 
veins constrict during vascular 
pressor reflexes and dilate 
during depressor reflexes , Pig 
190 illustrates reflex contrac- 
tion of a human vem m re- 
sponse to cold The vems 
are constricted when the C0 2 
tension m the medulla is raised As the vems contam so little muscle tissue 
the changes m cahbre which they undergo under these conditions are small 
Venous Pressure 2 — To estimate the venous pressure m man two mam 
methods — the indirect and the direct — have been employed The mdirecl 
methods consist in determining the external pressure necessary to produce 
collapse of a small superficial vein, or the pressure which just prevents refilling 
of a vem previously emptied by “ milking ” towards the heart The direct 
methods consist m placmg a manometer m communication with a vem by 
means of rubber tubmg and a hollow needle of adequate bore The vem 
usually chosen is the median basilic, at the bend of the elbow 

(l) Normal values are 5-15 cm H 2 0 Venous pressure is, of course, lower 
than capillary pressure, but the difference is small 

(u) Venous pressure does not necessarily follow changes in the pressure 
in the mam arteries , but if the arterioles are dilated locally, the general 
blood pressure is transmitted more completely to the vems and the pressure 
within them rises , this is seen m the submaxillary vems during secretory 
activity 

(in) The venous pressure is mcreased during exercise because the raised 

1 Franklin, Veins, Springfield, 1937 Burch, Primer of Venous Pressure, 1950 
* Bedford and Wnght, Lancet, 1924, u, 106 
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arterial pressure is transmitted tlirougli the very dilated arterioles of the 
active muscles 

(iv) Excessive hyperpnoea may lower the venous pressure slightly 

(v) A forced expiration with the glottis closed raises the venous pressure 
considerably, because the raised intrathoracic pressure compresses the venae 
cavie and this prevents the venous return into the chest 

(vi) When congestive heart failure occurs the venous pressure rises, but 
not before obvious cluneal evidence of venous engorgement is present, e g 
enlargement of the hver and distension of the cervical veins In marked 
congestive failure the basilic vein pressure may be as high as 30 or 35 cm 
H 2 0 (p 111) The height of the venous pressure can be roughly determined 
by noting the height of the column of blood m the neck veins above heart 
level 

The control of the venous return is discussed on p 274 


THE CAPILLARIES VASCULAR RESPONSES OE THE 

HUMAN SKIN 1 


The Capillaries — The capillaries are lined by thin, flattened, nucleated 
polygonal cells joined together by cement substance Although the capillaries 
have no muscle coat they can actively modify their own calibre and respond 
to nervous, hormonal and other chemical and physical stimuli The active 
variations m capillary calibre are attributed to alterations m the state of the 
lining endothelial cells themselves , when these swell the capillary lumen is 
reduced 

With the skin microscope the capillaries of the human skm can be studied, 
e g at the root of the nail, where they run parallel to the surface, and a con- 
siderable length of loop may be examined Similar direct studies can be 
made m the frog in the mesentery or web of the foot 

Independent Contractility of the Capillaries — The capillaries can 
alter their cahbre independently of the state of the arterioles or venules 
When their tone is high they can resist the distending force of a raised venous 
or arteriolar pressure , but when their tone is low they tend to followpassively 
changes m the arteries and veins This can be shown by direct observation 
m man and lower animals , it is also supported by much indirect evidence 
(l) From skm colour and temperature (p 321) 

(ii) From the action of adrenaline and post-pituitary extracts (p 322) 

(m) From the triple response in human skm (p 322) 

(iv) From the effects of injecting histamine in the cat (p 337) 

(v) From the white hue produced by lightly stroking human skin (p 321) 

Frequently, however, the cahbre of the capillaries changes actively m 

the same direction as that of the arterioles and vems (e q when heat is applied 
to a part, p 327) 11 

Capillary Blood Pressure Interchanges Between the Blood 
in the Capillaries and the Interstitial Fluid Lymph —These subject 
are fully considered on pp 16-21 


°f Human Skm and their Responses, London, 1927 Kroeb 

&£ °{ *‘, a T am 2i 2nd edn , 1929 ItaotaSd 

lottey, Lymphatics, Lymph and Tissue Fluid, Cambridge, Mass, 1941 
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CAPILLARY TONE 
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Importance of Capillary Tone — Compared with the total number of 
capillaries present m a muscle, the number which normally contain blood is 
very small Indian ink is injected into the vessels of a resting muscle, the 
tissue fixed, and sections cut and studied very few capillaries can be seen 
on examination, and most of these are very narrow When the experiment 
is repeated with tetamzed muscle, ten or more times as many capillaries are 
visible in any unit area, and they are all widely dilated (Fig 191) Now 
capillaries contain no valves, so that when blood comes to a part, it must 

first fill the capillaries before it 
can pass on into the veins Once 
it reaches the veins its return to 
the heart is relatively easy The 
contractions of the skeletal 
muscles drive the blood on, and 
it cannot pass back owing to the 
presence of the valves In the 
capillaries, however, muscular 
activity merely squeezes the blood 
from one capillary to another, 
and the blood returns in the 
intervals between the contrac- 
tions If the capillaries all over 
the body relax (as after the 
injection of histamine, p 337), 
they retam so much blood within 
them that after they have become 
filled very little blood is available 
to reach the veins As a result 
the venous return falls, the out- 
put of the heart diminishes, and 
the brain and tissues generally 
suffer severely from oxygen lack 
Normal capillary tone is thus of 
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Fig 191 — Effect of Activity on Capillary Tone 

Capillaries vitally Injected with Indian Ink Transverse 
sections of muscle Note Increase In number and 
calibre of patent capillaries as a result of activity 
Scale In fi (Krogh, Anatomy and Physiology 
of Capillaries ) 


owing to their impaired blood supply 

extreme importance In vigorous exercise the muscular capillaries, it is 
true, relax, and can retam a great deal more blood, but then the blood now 
to the muscles is greatly increased partly by diminishing the lumen ot tiie 

blood vessels m other regions of the body 

Sympathetic fibres pass to the capillary wall and probably transmit tome 
vasoconstrictor impulses from the vasomotor centre In the mam, however, 
capillary tone is controlled by local physical and chemical agencies 

Control by Physico-Chemical Agencies —(1) Metabolites — During 
activity marked dilatation of the capillaries (and arterioles) takes place, as 
was noted above m the case of skeletal muscle The dilatation is brought 
about by products of tissue activity, i e metabolites , the factors at wort 
may perhaps be the rise of C0 2 tension or of H+ ion concentration or the 
appearance of some non-acid dilator substances When the blood supply to 
a limb is cut off, the locally acting physiological dilator substances accumulate 
and are responsible for the vasodilatation, affecting capillaries and arterioles 
m both Bkm and muscle, which becomes evident when the circulation 
reopened ( reactive hypertBmia, p 329) 
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VASCULAR RESPONSES OF SKIN 

When human skm is injured, histamine is liberated and is responsible for 
the local vascular reaction Other chemical agents may be released in 
damaged tissues elsewhere (e g m burns, p 344) 

(2) Both adrenaline and post-pituitary extract on injection produce local 
capillary constriction Rigid proof of this in man is given on p 322 If post- 
pituitary extract is absorbed (e g following intramuscular injection), it pro- 
duces widespread capillary constriction especially of the face (p 46) There 
is no evidence that either hormone normally regulates capillary tone 

(3) For effects of heat, cold, and light, see pp 327 et seg 

Vascular Responses of the Skin — Control of .Skin Colour and. 
Temperature — The colour of the skm depends on the calibre of the surface 
capillaries, and of the sub- 
papillary venous plexuses 
( minute vessels) , when they 
are dilated and a consider- 
able blood flow takes place 
through them, the colour is 
red , when the blood stag- 
nates in relaxed capillaries, 
the oxyhsemoglobm under- 
goes extensive reduction, 
and so the skm is blue , 
when the capillaries are 
contracted, the skm is pale 
The temperature of the skm, 
like that of any part, depends 
on the amount of blood flow- 
ing through it, which in turn 
depends on the calibre of the 
arterioles The capillaries 
thus regulate the amount of 
blood which is present m a 
part at any moment, and the arterioles the amount passing through the region 
during any given period In warm weather the skm is warm and the colour 
is pale or red A warm red skm indicates that both the arterioles and the 
capillaries are relaxed A warm pale skm must mean dilated "arterioles and 
constricted capillaries In cold weather the skm is cold and the colour is 
white, red, or blue Gold pale skm means that both arterioles and capillaries 
are constricted A cold blue or red skm means constricted arteries and 
dilated capillaries The above observations prove that the capillaries m 
part can and do actively regulate their own calibre 

White Line — If the skm on the front of the abdomen or forearm is 
stroked quite lightly, a white line normally appears which is exactly limi ted 
to the area of skm stimulated, and is quite sharply outhned (Fig 192) The 
line appears after a latent period, persists for a minute or two, and then 
gradually fades The white hue is due to local active capillary contraction 1 
Ike evidence is as follows 

(i) Each arteriole supphes an irregular area of skm, so that the local 
amemia which results from its contraction would similarly be irregular 
1 Cotton, Slade, and Lewis, Heart, 1917, 6, 227 



Fig 192 — White Line produced by Light Stroking 
of the Skin (Kxogh, Anatomy and Physiology 
of the Capillaries ) 


II 
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m outline and not follow strictly the line of the stroke as does the white 
line 

(n) If the pressure m a cuff round the arm is rapidly raised to well above 
the arterial blood pressure (i e to 200 mm Hg), the white line can still be 
obtained by stroking the skin of the forearm, and its time relations are similar 
to those in a part m which the circulation is unoccluded The same holds 
true even if an interval of 10 minutes is allowed to elapse after applying the 
armlet The effect of compressing the arm in this experiment is to stop the 
flow m the vessels distal to the block In such a system, constriction of 
the arterioles would drive blood out of them into the capillaries and dilate the 
latter still further, as their contents cannot pass on in the normal way, owing 

to the obstruction to the natural out- 
flow from the veins The blanching 
of the skm, which is produced by 
stroking, must therefore be due to 
the contraction of the capillary wall, 
which actively drives the blood out 
into the neighbouring vems This is 
confirmed by microscopic exammation 
of the skm vessels 

(m) The white hne can be ehcited 
after all the nerve fibres to the skm 
have degenerated, proving that it is a 
dn eel local response of the capillary 
wall to external stimulation 

Action of Hormones — If adrenaline 
or post-pituitary extract is injected into 
the forearm skm after the circulation 
to the pait has been arrested, it also 
causes local blanching, proving that 
these drugs produce active capillary 
contraction 1 

Contractile Power and Resistance 
of Capillary Wall — It can be shown 
that the maximum pressure which 
the capillary wall can exert on its contents when it contracts is 40-60 mm 
Hg If the pressure m a cuff surrounding the arm is raised to this figure, the 
venous pressure below the cuff rises to just above this level , the capillaiy 
pressure in the forearm skm must therefore be of a higher order (p 17) If, 
under these conditions, adrenaline is injected into the forearm skm it still 
causes blanching If the capillaries are first constricted by adrenaline, and 
the venous pressure is subsequently raised by obstructmg the outflow of 
blood from the limb, they can resist a distending force in the vems of 
80-100 mm Hg , i e the resistance of a closed capillary is greater than the 
maximum pressure which it can exert on its contents when it contracts 

The Triple Response — In subjects with more sensitive skins, or when 
heavier stroking is employed, a triple response may be obtained 

(1) Red Line — After a short latency a red hne develops which it 
sharply defined (Fig 193) , it is first bright red m colour, but gradually 

1 Lewis, Heart, 1924, 11, 109 



Fia 193 — Red Line produced by Sci atoh 
ing the Sinn (Krogh, Anatomy and 
Physiology of the Capillaries ) 
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assumes a bluish tinge, indicating that the blood is stagnant and that 
its hemoglobin is therefore undergomg excessive reduction Using the 
criteria described above, the red line can be 
shown to be due to capillary dilatation , it also 
can be produced after the local nerve supply 
has degenerated 1 

(2) F lar e — In sensitive subjects, after a 
further interval of 15-30 seconds, a widespread 
flush or flare appears (Fig 191) which is prim- 
arily the result of arteriolar dilatation 

(i) The flare spreads for a variable distance 
from the area stimulated, is mottled m colour 
from alternating islets of hyperemia and of 
normal skm, and the edge is crenated, as would 
be expected from the manner m which the 
arterioles are distributed to the skm 

(n) The colour is red throughout and does not 
tend to become purple from oxygen deficiency, 
proving that rapid flow of blood is occurring 
(ill) The temperature of the skm over the 
flare rises by 0 5-2° G as a result of the 
increased blood flow 

The flare depends on an intact nerve supply to the skin , it is abolished 
when the local nerve fibres have degenerated It is still obtained if conduction 
m the sensory nerves leading from the part is blocked by an injection of 
procaine into the nerve trunk , the reaction is therefore not a reflex through 

1 DRG 



DUG = Dorsal root ganglion , B V =Cutaneous blood vessel 



Fig 194 — Red Line and Flare 
m response to Scratching of 
Skin (After L R Muller, 
from Krogh, Anatomy and 
Physiology of Capillaries ) 


the central nervous system, but results from a local axon reflex (Fig 195), 
\ e a ^, es P onsf r w htch depends on the branching of nerve fibres m the skm 
* i la , ter (P 325 ) scrat cbmg the skm liberates histamine 
mcn sfclmulates local nerve endings , impulses pass up the afferent nerve 

but , o T i 0 :!li ne ! j with the “ tache cerebrale ” found commonly in meningitis 

ng recognized as having no diagnostic significance 
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A and along its branch C to dilate local arterioles giving rise to the “ flare ” 
Histamine mjected into the skm acts similarly 

(3) Wheal — In susceptible subjects a wheal develops on the site of the 
red line (Pig 196) It reaches its maximum height m about 5 minutes, and 
may project 1-2 mm above the general surface of the skm It is due to 
increased permeability of the minute vessels, which permits the escape of fluid, 
closely resembling plasma m composition, into the tissue spaces The fluid 



Fig 196 — Urticaria Factitia in member of British Merchant Navy 
(From a photograph by Dr B S Kent ) 

Response to light stroking of skin In sensitive subject (cf p 110) , note wheeling 


contains 4-5% of protein, and clots on standing As the wheal increases m 
size it gradually becomes paler owing to compression of the minute vessels 
A marked arteriolar flush must be present if effective wbeahng is to occur, 
because a rich blood supply is needed to provide the necessary large volume 
of fluid The wheal is not due primarily to increased mtracapillary pressure, 
for if the arm is compressed to produce venous congestion the wheals formed 
are smaller, owing to the diminished blood flow, m spite of the fact that the 
capillary pressure is raised If trypan blue is injected intravenously into a 
normal person it does not escape into the tissue spaces, but it does pass into 
a wheal while it is for min g owing to increased capillary permeability 
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Triple Response from Histamine — If histamine (even m dilutions of 
1 m 3000) is m]ected into tlie skin it produces a typical triple response 

(1) Local dilatation of the capillaries and venules by direct action 

(n) Widespread dilatation of surrounding arterioles from a local axon 
reflex The histamine stimulates local afferent nerve endings, impulses 
pass up the cutaneous afferent nerve (A, Fig 195) which branch to give 
collaterals (C, Fig 195) to supply dilator fibres to neighbouring arterioles 
The vasodilators concerned are the same as those which come into action 
when the peripheral end of a dorsal nerve root is stimulated (p 308) 

(in) Local increased permeabihty of the walls of the minute vessels, 
increased exudation of fluid and wheal formation If the skm is firmly 
stroked and simultaneously a histamine solution is inoculated, a similar 
“ triple response ” develops in each case , the responses have exactly the 
same time relations as regards onset and disappearance The above observa- 
tions suggest that the triple response elicited by heavy stroking may be due 
to the local release m the shin of histamine or some closely related substance 
(“ H ” -substance) 

Evidence for “ H ’’-Substance — (1) Many agents can produce the 
triple response pricking, scratching, freezing, or burning the skm, the 
passage of strong electric currents, the inoculation of irritants such as 5% 
HC1, 5% NaOH, 1% morphine, 2% atropine, canthandes, peptone , fish 
extracts, flea and. gnat bites in susceptible subjects , alcoholic extracts of 
skin, hver, and lung Many dissimilar agents — all of which injure the tissue — 
thus produce the same complex vascular response , the simplest explanation 
of this uniformity of action is that they all release the same chemical 
substance m the skm, and it is the latter which sets up the triple 
response 1 

(2) If histamine is punctured into the skm, a vivid flare develops as stated, 
which fades to a considerable extent after 10 minutes The blood supply to 
one arm is obstructed, a histamine solution is inoculated, the occlusion of 
the vessels is kept up for 11 minutes and is then released The control 
arm is similarly treated, except that the histamine is inoculated 1 minute 
before the vessels are released On release of the circulation the skm of 
both arms becomes uniformly red (reactive hypercemia (p 329)), but this 
redness rapidly fades, except m the regions where the histamine was injected 
As soon as the histamine flares are visible their outlines are marked out in 


ink, and again at suitable intervals as fading takes place (Fig 197) It is 
found that the fading m the two arms occurs simultaneously The conclusion 
is drawn that when histamine is injected into skm in which the circulation 
is arrested it is retained unchanged m the skm for the full period of occlusion 
and produces its full effects as soon as the circulation is released 

(3) On the basis of these findings a crucial experiment can now be per- 
formed The observations described are repeated, but instead of inoculating 
histamine, the skm of a sensitive subject is firmly stroked , exactly the 
same results are obtained as with the histamine injections, i e the flare 
develops and fades in the same way in both arms when the circulation is 
released The experiment proves that the mechanical stimulus itself does 
not reflexly produce the flare, because if that were the case, during the 10 

aoetjioholine €reStln ^ t0 n0t6 that a nett ^ e stlng actua % contains both histamine and 
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minutes of vascular occlusion which followed the apphcation of one of the 
stimuli, these effects should have passed away One must conclude that 
the mechanical stimulus causes the release of some chemical substance which 
behaves exactly like histamine , it is retained intact m the skm during the 
period of circulatory arrest and produces its effects as soon as the circulation 
is released 

The evidence so far given may be summarized thus 

( l ) A large number of agents which injure the tissues elicit the “ triple 
response ” 

( 11 ) The “ flare ” response to heavy stroking develops in a normal manner 
after 10 minutes of circulatory arrest, suggesting that a chemical agent acts 
as an intermediary 

(m) Responses which are identical in all respects can be obtained by 


4(5) 

11 ( 12 ) 
25 (26) 

31 (32) 


gone 72(73) 

Fjo 197 — Effect of Period of Vascular Occlusion on Flare Response to Injeotion of 

Histamine m Normal Subject 

Left outline corresponds to left arm area, right outline to symmetrical right arm area of skm The vessels 
of both arms were occluded A group of three histamine punctures (1/3000 solution) was put down 
on the right forearm 1 minute after occlusion, on the left forearm 10 minutes after occlusion The 
circulatory arrest vas continued in each case to the 11th minute, when both arms were released 
The outlines of the llarcs aroused by the stimuli \\ ere drawn at the times in minutes after release of 
vessels noted in figures against the corresponding contours Numbers in brackets represent corre 
Bponding times elapsing after stimuli were laid down , (eg 4 (14) means outline 4 minutes after release 
of circulation and 14 minutes after puncture was performed) Position of punctures shown as 
dots (Lewis, Blood Vessels of Human Sim and their Responses ) 

inoculating histamine in high dilution into the skm There is little doubt 
therefore that some agent with a histamme-like action (“ H ’’-substance) is 
released when the skm is injured 

(4) That this “ H ’’-substance is actually histamine itself is suggested by 
the following observations 

(l) Histamine can be demonstrated m extracts of human epidermis 

(n) The back of a susceptible subject is extensively and severely stroked 
till a large wheal develops Under these circumstances the “ H ’’-substance 
mi ght, be expected to be formed in such amounts that some might get into 
the circulation and produce effects at a distance It is found that flushing and 
rise of temperature of the skm of the face occur hke those which follow a 
subcutaneous injection of 0 06 mg of histamine (p 337) , even stimulation 
of the secretion of gastric juice may result (p 338) 

The physiology of hista mi ne is fully discussed on pp 335 et seq 
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Effect of Heat— (I)Local 
Effects — If the arm is plunged into 
a bath of water at 40°-45° C , marked 
reddening of the skm takes place owing 
to dilatation of the minute vessels 
The response is brought about m the 
following ways 

( 1 ) By the direct action of the rise 
of temperature on the capillaries and 
the release of “ H ’’-substance 

( II ) In addition, reflex dilatation of 
the hmb arterioles and veins takes 
place, which leads to an increased 
blood flow through the skm 

( III ) At still higher temperatures a 
typical flare, wheal, and blister are 
produced owing to the formation of 
large amounts of the “ H ’’-substance 

If the vessels of an organ are 
irrigated with saline at 42° C , the 
dilatation affects first the capillaries 
and later the arterioles , similar changes 
probably occur during tissue activity 
when the temperature of the active 
organ rises As pointed out on p 18, 
local heatmg produces a marked rise 
of capillary pressure m the skm 

(2) Be mote Effects — Heat 
applied, e g to the legs, produces dilata- 
tion of skm blood vessels elsewhere, 
especially in the face and hands The 
effect is mainly due to the warmed 
blood actmg directly on the vasomotor 
centre inhibiting its “ tome ” vasocon- 
strictor discharge [A similar effect is 
produced by introducing warm water 
into the stomach (where the tempera- 
ture nerve endings are few) ] But as 
the remote vasodilatation still occurs 
though to a smaller extent after occlud- 
ing the blood vessels of the heated hmb 
(to prevent the heated blood from 
entering the general circulation) a reflex 
effect from temperature nerve endings 
is also involved 

Eig 198 shows the effects on the 
finger circulation produced by plunging 
both legs into water at 45° C there 
is a rise of blood temperature as shown 
by the increase m rectal temperature , 



Records from above downwards rectal 
temperature ( <> C ) , temperature of shin 
of finger (°C ) and room temperature (°C ) , 
finger blood flow (c c / ten c c of finger 
rolume/minute) 

At the first arrow the legs were immersed m 
water at 45° C Rectal temperature goes 
up (from 37° to 37 4° C) Temperature 
of tip of right forefinger (Finger Temp) 
and blood flow in right middle finger both 
increase marhcdl> (cf Fig 217) 

At the second arrow the legs were immersed in 
water at 20° C Fmger temperature and 
blood flow and rectal temperature all fall 
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the skin arterioles dilate as shown by the increased local temperature and 
local blood flow Muscle blood flow, however, is unaltered 

Effect of Cold'll) Local Effects —Gold produces' complex effects 

( 1 ) There may be shght pallor of the skm with arteriolar and capillary 
constriction , this is best seen when skm reddened by warmth is plunged into 
colder water Whitening of the skm from cold is abnormal, and its production 
is not fully understood 

(n) If the hand is immersed mto very cold water (5°-10° C ) for 5-10 
minutes, the skm becomes a bright red, colour which is indistinguishable from 
that produced at a temperature of 45° C The arterioles are contracted but 
the minute vessels are dilated One would have expected cyanosis to develop 
(cf (in)). At temperatures under 10° 0 , however, oxvhtemoglobm undergoes , 
very httle dissociation, and the oxidative activities of the tissues~are also 
very depressed, so that in spite of them adequate and very slow bl ood flow 
through the_part, the hsem oglo bm ~is~not su fficiently reduced to give a dark 
t int to the bloo a " " " 

(in) At skm temperatures of 20°-25° C cyanosis may develop The 
vascular changes are similar to those described m (n) , one must presume 
that at this critical temperature the blood flow is reduced more than the 
oxygen utilization by the tissues , consequently the oxyhsemoglobm undergoes 
extensive reduction and a dusky colour appears 

(iv) Freezing the skin results in extensive cellular damage and hberation 
of “ H ’’-substance with the usual triple response 

(2) Remote Effects — Cold applied to a part ( e g the leg) produces 

remote effects as well (eg m the fingers (Eig 198)) The vasomotor centre is 
stimulated both directly by the cooled blood reachmg it and chiefly reflexly 
by afferent impulses from the cooled area The resulting vasoconstriction 
(especially m the hands and feet) may lead to a rise of blood pressure , (the 
latter change is measured m the cold pressor test a ) , the blood flow through 
muscles is unchanged —— — 

Action ol Light — Exposure of the skm to strong light produces, as is 
well known, an erythema Emsen exposed the skm to the rays from a 40,000 
candle-power lamp , after twenty minutes the whole area became uniformly 
red This erythema is due to the effect of the heat, and diminishes m 2 hours 
After 3 hours, erythema due to light appears, reaches its maximum in 12 
hours, and decreases after 2 days The redness is associated with capillary 
dilatation and stasis If the skm is previously covered with a glass plate, 
which keeps back the ultra-violet rays, the delayed erythema is not obtamed , 
on the other hand, rocl crystal, which allows these rays to pass through, 
affords no protection Light erythema is thus due to ultra-violet rays 
Lewis suggests that ultra-violet rays act by causmg a slow release of 
the “ H J ’- substance m the skm The visible spectrum, however, can also 

1 Gold pressor test — The rise of blood pressure (mainly reflex in origin) produced by cold 
is determined as follows The subject rests m the supine position for 20-60 minutes in a 
quiet room so that his blood pressure falls to basal level , a cuff is wrapped round one arm 
One hand is dipped into iced water (at 4° O ) to a point just above the wrist , the blood 
pressure is read at 30 and 60 seconds The hand is removed from the water and blood 
pressure readings taken every 2 min utes till the basal level is regained In normal 
subjects the maximal rise occurs after 30 seconds and the rise is over m 2 minutes A rise 
of more than 20 mm Hg systolic or 15 mm Hg diastolic is regarded an excessive reaction 
and suggests that the subject’s vasomotor reflexes are exaggerated 
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act on the capillaries if it is employed m sufficient concentration and for a 
long enough time The erythema in Fmsen’s experiment disappeared m 
10 days and was followed by pigmentation and desquamation The efiect on 
the capillaries, however, was of an enduring nature, as shown by the iact,that 
when 6 months later the skin of the arm was rubbed, the areas which had 
been exposed in the experiment became redder than the other parts of the 
slcin 

Reactive Hyperaemia. — The circulation to a limb is completely obstructed 
for a period of, Bay, 5 minutes by means of a suitably inflated blood pressure 
cuff The obstruction is then removed Within a few seconds the skin distal 
to the block flushes brightly, attaining its maximum colour at once, and 
becomes hotter , the volume of the pulse is increased owing to lowered local 
diastolic pressure and consequently greater pulse pressure The cutaneous 
hypersimia declines after 20-30 seconds, and is gone m a few minutes The 
blood flow changes can be studied quantitatively by means of venous 
occlusion plethysmography (p 305) Fig 199 shows that after 5 minutes 
ischaemia there is an increase m the forearm blood flow from a basal level of 



MINUTES 


Pig 199 — Changes in Muscle Blood Flow from Exercise and Ischsemia Forearm blood 
flow before and after 4= minutes’ continuous exercise (continuous line) and 5 minutes’ 
iscbrcmia (broken line) Time in minutes after end of lscluemia or exercise The 
dilator response to ischaemia is greater but more transient (Grant, Ghn Set - , 
1938, 3, 170 ) 


2 c c to about 38 c c per 100 c c per minute This enormous increase is due 
mainly to dilatation of muscle vessels The duration of the occlusion deter- 
mines the degree of resulting hypersemia , occlusion for 0 5, 15, 5, and 15 
minutes respectively increased the blood flow m an arm ( per 100 c c ) from 
1 c c to 3, 7, 10, and 12 c c per minute (Fig 200) 

During reactive hypenemia a large increase also occurs in the cutaneous 
blood flow as can he inferred from the rise of skin temperature , it can be 
conveniently measured m studies on the hand which consists mainly of skin 
The vessels concerned in reactive hypersemia are (i) the capillaries which 
li* 
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dilate, accounting for the fluking of the skin, and (n) the arterioles which 
dilate, accounting for the increased blood flow and pulse volume and the 
local rise of temperature These changes are probably due to the accumula- 
tion ^during occlusion of dilator metabobtes, known or unknown We may 
go some way towards identifying the agents concerned If a limb is made 
ischaemic m animals by blocking the arterial supply, the venous outflow on 
releasing the circulation is said to contain an excessive amount of members 
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Fio 200 — Effect of Duration of Occlusion on Arm Blood Flow durmg Reactivo Hyper 
senna (Lewis and Grant, Heart, 1925, 12 ) 

Arm volume records of normal human subject taken with a plethysmograph Two cuffs are placed on the 
upper arm (above the plethysmograph), ono above the other, tho upper is connected with a reservoir 
standing at a pressure of 350 mm Hg and is used to occlude the circulation completely The pressure 
in tlie lower armlet is raised to 70 mm , i e well above tho norma] venous pressure Occlusion is 
maintained for }, 1, 5, and 15 minutes respectively, as shown in tho records in the Tig At Release ’ 
(indicated by the arrow) the pressure in the upper armlet is abruptly released Arterial blood at once 
begins to flow into the limb, but tho venous outflow is prevented by tho lower pressure cuff The 
subsequent increase in the volumo of the limb (rise of the curve) is a measure of the rate of arterial 
inflow into the limb It is compared with the lowest curve (normal) in which the upper (‘ occluding ’ ) 
cuff was not inflated and the pressure was raised only in the lower (" collecting ’ ) cuff The difference 
m ascent of tho control and experimental curves is a measure of the vasodilatation taking place The 
absolute rates of inflow (in c c per minute) were control 4 , experimental 15, 34, 49, and 55 Tho 
arm volume was 400 c c 


of the adenosine group and sometimes histamine , these, and local acidity, 
may be the mam agents concerned 1 These substances are possibly 
normally concerned with regulating the calibre of arterioles and capillaries 
(pp 317, 320) 

Ischaemia lasting for 10 minutes produces a greater degree of hypersemia 
of a limb than does soaking it m water at 43° C for half an hour Reactive 
hyperaemia also follows venous obstruction 


ECETAL CIRCULATION PATENT DUCTUS ARTERIOSUS 

Foetal Circulation 2 — The peculiarities of the foetal cnculation may be 
related to two fundamental facts 

(l) The “ functioning fetal lung ” is the placenta , which is situated on 
the systemic circulation , the umbilical artery thus corresponds to the 

1 These dilator agents may also be responsible for promoting the establishment of a 
ocllateral circulation when the obstruction is of a lasting character 

2 Barclay el al , Foetal Cxi culation, Oxford, 1944 Barcroft, Researches on Prenatal 
Life, Oxford, 1946 



FCETAL CIRCULATION 331 

postnatal pulmonary artery, and tire umbilical Vein (which brings oxygenated 
blood to the foetus) corresponds to the pulmonary veins 

(n) It is necessary to supply blood at the highest possible oxygen pressure 
to the fcetal brain To achieve this end the “ artenahzed ” umbilical vein 
blood, mixed with the comparatively small venous return from the lower 
half of the body, passes along the inferior vena cava to the right auricle 
whence it is mamly diverted via the patent fat amen ovale [via sinistra ] mto 



D V — ductus venosttB n A «= ductus arteriosus , P A = pulmonary artery, P V =■ pulmonary vein 

the left auricle Tins blood, which is reasonably well oxygenated, passes 
mto the left ventricle, the aorta, and, via its proximal branches, to the head 
and arms 

(in) As the foetus, m uiero, does not breathe, the whole of the output of 
the right ventricle is not sent to the lungs , most of it is diverted via the 
patent ductus aitcnosus to the aorta 

The details of the fcetal circulation are as follows 1 (Fig 201) 

(1) The oxygenated blood from the placenta travels m the umbilical vein 
to the liver There, part of the blood goes via the ductus venosus directly 

The account is based mamly on studies of the circulation in the living sheep fetus 
out m essentials the description probably applies also to the human fetus 
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to the inferior vena cava , the rest is distributed to the left two-thirds of 
the liver by offshoots of the umbilical vem , the right one-third of the hver 
receives the blood from the portal vem The non-ductus blood leaves? the 
hver in the hepatic veins The inferior vena cava thus receives 

( 1 ) oxygenated blood via the ductus venosus, 

(u) less oxygenated blood via the hepatic veins, 

(in) very reduced blood from the hind part of the body 

(2) In the right auricle, the inferior caval blood is divided into two 
streams, a large left and a small right one 

( 1 ) The large left stream which consists mamly of oxygenated ductus 
venosus blood, passes through the foramen ovale [via sinistra] into the left 
auricle , there it is joined by a small volume of reduced pulmonary venous 
blood The left auricle discharges into the left ventricle which expels its 
(oxygenated) blood into the aorta, whence it passes mamly to the coronaries 
and via the carotids to the brain , it also goes via the subclavians to the 
arms 

(n) The small right stream is joined by the very reduced blood from the 
superior vena cava and the coronary smus It is discharged from the right 
auricle into the right ventricle and thence into the pulmonary arteries Most 
of the blood is diverted via the ductus arteriosus into the aorta , the smaller 
residue flows through the lungs At their pomt of umon the ductus arteriosus 
and aortic arch are approximately of equal diameter 

(3) Beyond its junction with the ductus arteriosus the aorta contains a 
mixture of blood, most of it reduced, which has entered via the ductus 
arteriosus , the balance is oxygenated blood which has flown on from the 
more proximal part of the aortic arch This mixed aortic blood which is 
poorly oxygenated is supplied to the distal parts of the body (abdominal 
viscera, body wall and hind limbs) 

Circulatory Changbs at Birth — During, or shortly after, birth im- 
portant circulatory changes take place 

(1) Closure of the Umbilical Vessels — This occurs as a result of active 
contraction of the smooth muscle coat of these vessels , the nature of the 
stimulus is not known, b„ut it is not nervous as the umbihcal vessels are devoid 
of_a nerve supply If the vessels are torn across the mechanical stimulus 
promotes a powerful contraction of the vessel walls During the time that 
elapses between birth and the closure of the umbihcal vessels, the greater 
part of the blood m the cord and placenta is transferred to the child The 
cord should not be tied until pulsation m it has ceased so as not to deprive 
the infant of this extra supply of blood With the cessation of the venous 
return along the umbihcal vem the volume of the hver and spleen falls , the 
portal vem blood now supplies the whole hver mstead of one third only 
The smooth muscle sphincter at the junction of the ductus venosus and the 
umbihcal vein contracts and prevents any backflow of venous blood into the 
umbihcal vein 

(2) The foramen ovale [via simstra] is closed owing to the folding up and 
apposition of its valve This closure follows the onset of respiration and 
always precedes the closure of the ductus arteriosus 

(3) The ductus arteriosus closes by contraction of its thick muscle coat 
a few min utes after breathing has commenced This response is the result 
of oxygenation of the blood and not of gaseous distension of the lungs 
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Closure does not occur if the lungs are inflated with nitrogen, hut it does 
occur if oxygen is injected intravenously , nerve stimulation (of vagus or 
sympathetic) has no effect on the ductus Later the vessel becomes fibrosed 
and permanently obliterated , should normal closure fail to occur (for 
unknown reasons) the condition of patent ductus arteriosus results 

Circulation in Cases of Patent Ductus Arteriosus ( 1 ) As after birth 
the aortic blood pressure far exceeds the pulmonary, the direction of flow in 
the patent ductus arteriosus is from the aorta to the pulmonary artery ( i e 
the reverse of that m the foetus) A proportion (often more than half) of the 
left ventricular output is shunted into the pulmonary circulation The 
effects on the systemic circulation resemble closely the findings m a case 
of gross arterio-venous aneurysm, and to a considerable extent those m 
aortic regurgitation (p 298) 

(n) The following data illustrate quantitatively what may occur the 
venous return from the periphery (“ peripheral blood flow ”) is 6 litres per 



minute , this volume of mixed venous blood is received by the right auricle 
and pumped out by the right ventricle into the pulmonary artery Through 
the ductus the pulmonary artery receives say 12 litres per minute of almost 
fully oxygenated arterial blood from the aorta The total blood flow through 
the lungs is thus 18 htres per minute , the aortic “ shunt ” blood undergoes 
no further change m the lungs, where the mixed venous blood (from the right 
ventricle) is oxygenated m the usual way Judging from animal experiments 
m winch a comparable condition can be established by anastomosing the 
subclavian to the pulmonary artery, the blood pressure in the latter rises 
surprisingly little, e g from 16 to 27 (later falling to 22) mm Hg, presumably 
owing to the readily distensible character of the pulmonary vessels , but 
some rise of pulmonary pressure does occur which increases the work of the 
right ventricle The “ venous ” return to the left auricle equals the “ total 
pulmonary blood flow,” i e 18 litres, which is also the output of the left 
ventricle 

1262 Gr ° SS ’ J Amtr <nei ASS0C ’ 1940 ’ 115 ’ 1267 ’ Eppinger and Burwell, » bid , 
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(in) This enormous increase m the work of the left ventricle (equivalent 
to that occurring in free aortic regurgitation) leads to an increase m its size , 
the left auricle enlarges for the same reason Of the 18 litres entering the 
aorta, 12 litres (as already mentioned above) are shunted via the patent 
ductus into the pulmonary artery and only 6 litres pass to the peripheral 
circulation to supply the tissues 

(iv) The leak into the pulmonary artery (from the aorta) which continues 
throughout the cardiac cycle gives rise to a continuous hum and thrill m the 
second interspace, to prominence and increased excursion of the pulmonary 
artery, and to congestion of the pulmonary bed 

(v) The systolic blood pressure rises little in spite of the great left 



DAYS BEFORE DAYS AFTER 
OPERATION OPERATION 

Fig 203 — Systolic and Diastolic Blood Pressure at 
Rest and after Evercise before and after closing 
ductus m case of Patent Ductus Arteriosus 
(After Eppinger et al , J cltn Jnvesiig , 1941, 

20, 141 ) 

Note thit after tying the ductus the diastolic and pulse 
pressures fall 

ventricular output because the leak out of the aorta occurs throughout 
systole , diastolic pressure, however, does fall ( e g to 40-50 mm Hg) owing 
to the abnormal leak during diastole The other arterial phenomena of 
arterio-venous aneurysm (detailed on p 298) may be present 

(vi) The 0 2 content of the blood m the ventricles, aorta, and pulmonary 
artery, proximal and distal to the point of entry of the ductus arteriosus, m a 
typical case of patent ductus is shown m Tig 202 The blood in the right 
ventricle and the proximal part of the pulmonary artery had an 0 2 content 
of 12 1 c c % The blood in the left ventricle and aorta had an 0 2 content 
of 17 3% Owmg to the large volume of arterial blood which flowed from 
the aorta along the ductus into the pulmonary artery, the 0 2 content of the 
blood m the distal part of the pulmonary artery rose to 15 6% 

(vn) After the patent ductus arteriosus has been ligatured at operation, tne 
thrill and murmur disappear, the heart becomes smaller, the diastolic blood 
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pressure rises (Fig 203) and the left ventricular output falls to equal that of 
the right ventricle 1 


PHYSIOLOGY OF HISTAMINE TRAUMATIC SHOCK 


Histamine 2 — Many tissues contain histamine , species variations are 
marked but usually the concentration is highest in the lungs and skm This 
hista min e is normally combined in the tissues in some form which prevents 
it acting locally or being released mto the circulation When the tissue is 
acted on by appropriate stimuli, some of its bound histamine content is 
released m a pharmacologically active form Blood histamine is chiefly 
present in the cells (granulocytes and platelets) , the amount in the plasma 
is minute 3 

Histamine is 0-iminazolyl-ethylamine , the body store of histamine is 
derived originally from the important ammo-acid histidine (nninazolyl- 
a-ammo-propiomc acid) by removal of C0 2 This decarboxylation may 
result from the action of bacteria on the food before it is eaten, or may 
occur m the bowel , the histamine thus formed is absorbed chiefly from the 


1 The “ peripheral blood flow,” “total pulmonary blood flow,” and the “shunt” as 
defined above can bo determined at operation m man by collecting (by direct puncture) 
the following blood samples and determining their 0, content 

(a) Mixed venous blood from the right ventricle, 12 1 c c % ( = V) 

(b) Arterial blood from the femoral artery, 17 3 c c % ( —A) 

(c) Blood from the pulmonary artery distal to the patent ductus (mixture of mixed 
venous (right ventricle) and arterial (aortic) blood), 15 6 c c % (=M) 

The 0 2 consumption per minute is determined m the normal way (p 375), and is, 
e g , 312 c c 

(1) Right ventricular output (=“ peripheral blood flow ”) ib determined by the UBual 
Fick principle formula (p 278), i e 


0 2 consumption 312 

X 100= P73 — ppj * 100=6 htres per minute 

(2) To determine the degree of “ shunt ” and consequently the left ventricular output 
the following facts must be considered In the pulmonary artery each 100 c c of right 
ventricular blood (i e V) containing 12 1 c c % of 0 2 mixes with an unknown volume 
(x c c ) of aortic arterial blood containing 17 3 e c % of 0 2 (=A) to give 100+a; c c of 
total pulmonary blood flow containing 15 6 c c % of O s (=M) The following formula 
(for which I am indebted to Sandra Wright) can be used to determine x 


Kmr*) +Y (mhh M 

z=100 (M-V) 

A-M 

Substituting the values quoted, 

100(15 6-121) 

X ~ — 17 3—15 6 c c (say 200 c c ) 


In this example the volume of shunt via the patent ductus (m relation to every 100 c c 
oi right ventricular outflow) is 200 cc, le twice the simultaneous right ventricular 
output As the latter is 6 htres per minute, the shunt flow is 12 htres per minute and the 
total pulmonary blood flow is 18 htres per minute, which equals the left ventricular output 

1950, 50, loS-S 1117 ’ ySl ° l BCV ’ 1931 ’ U ' 371 S y m P oslum ’ Ann N Y Amd Set , 

h, ,, 3 ® lStamin0 ° an a1 ? 0 be extr f cted from certain peripheral nerves which are beheved to be 
tavunergic, * e produce peripheral effects by releasing histamine at them endings 
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ileum A specific histamine decarboxylase is present m some organs and 
it may form histamine from histidine locally 


CH — NH 
il 

C — N 


\ 


CH 


CH 2 CH 2 NE 2 

Histamine 


CII— NH 

II 

C — N 


\ 


CH 


CH 2 CH(NH 2 )COOH 

Histidine 


Histamine is rapidly destroyed by an oxidase called histammase which 
is present m many tissues and especially in the kidney and placenta 
Histammase is, however, not specific m its action , it also acts on many 



Fig 204 — Action of Histamine on Circulation 

Cat Record of blood pressure Inject 3 mg of histamine The second fall lowers the pressure from 140 
to 60 mm and leads to respiratory failure (Dale and Laidlaw, J Physiol , 1919, 52 ) 

other diamines, le it is really a diammo-oxidase The blood histammase 
is greatly raised m pregnancy, its source being the placenta 

Histamine is related to various bodily processes ( 1 ) it may be a normal 
dilator metabohte which is released during tissue activity or during ischcemia , 
(n) it is released when certam tissues are injured, in response to infections 
and m anaphylaxis It is convement to consider its pharmacological actions 
m detail first , the species differences are many and important 

(1) Circulation — Intravenous injection of histamine in minute doses 
produces a marked fall of blood pressure 1 (Fig 201) The classical studies 
were carried out in the cat in which species it can be shown that histamine 
dilates the capillaries hut constricts the arterioles The circulatory effects 
in the cat are as follows 

(i) Initial Pulmonary Constriction — The sharp initial fall of pressure is 
due to temporary constriction of the pulmonary arterioles resulting m 
interference with the output of the right ventricle , there is consequently a 
diminished inflow into the left ventricle and a smaller output into the 
1 In the rabbit a nee of blood pressure oconra 
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systemic circulation The right ventricle soon recovers and resumes its 
unembarrassed activity, and the blood pressure may recover slightly 

(n) Phase of Capillary Paralysis — There is secondarily a steady prolonged 
fall of blood pressure which may lead to circulatory failure, inadequate 
blood flow to the brain, and cessation of respiration This second,, lasting, 
depressor effect is mainly or wholly due to capillary paralysis and occurs in 
spite of arteriolar constriction 

The evidence (in the cat) is as follows 

(o) Arteriolar constriction — A purely arterial system can be prepared by 
cuttmg the mesentery at its attachment to the intestine , the superior 
mesenteric artery and its branches are then perfused, and it is found that 
histamine diminishes the rate of escape of fluid from the cut end, indicating 
that it constricts the arterioles 

(b) Heart — Histamine does not directly depress the activity of the 
isolated heart perfused through the coronary vessels , if the heart is examined 
m the intact animal poisoned with histamine, it is found to be b eating forcibl y 
In spite of this, however, the cardiac output (in the second stngefisvery small 

(c) Capillary paralysis — The fall of blood pressure has thus occurred in 
spite of arteriolar constriction and a forcibly acting heart , the obvious 
cause of the fall of blood pressure is the poor cardiac output As this is not 
due to a primary cardiac disorder it must be the result of a failure of the 
venous return which m turn results from generalized capillary paralysis, 
which can be readily demonstrated as follows 

(a) In spite of the arteriolar constriction the intestines, pancreas, and 
other solid viscera are intensely congested and cedematous 

(/ 3 ) The nerves gomg to the limb of a cat are severed , the arterioles 
relax (because the vasoconstrictor nerves have been cut) and the limb 
becomes warm owing to the larger blood flow through it The pad of the 
foot remains pale, indicating that the capillaries are contracted in spite of 
full arteriolar dilatation (cf p 321) The injection of histamine at once 
makes the pad flush because it paralyses the capillary wall, which now gives 
way before the arteriolar pressure 

{y) If a histamine solution is dabbed on to an organ like the pancreas it 
becomes flushed with blood , as the arterioles are contracted, the increased 
vascular content of the organ must be due to capillary dilatation 1 

(8) Decreased plasma volume — Histamine increases the permeability of the 
capillaries (p 13) so that protein and fluid escape from the vessels into the 
tissue spaces, still further reducing the volume of circulating plasma (and 
further aggravating the circulatory collapse) The red blood count per c mm. 
and the haemoglobin percentage consequently rise 

Action in Man —In man (and also m the dog and monkey) hista min e 
produces arteriolar dilatation m addition ■- to capillary paralysis A sub- 
cutaneous injection in man of 0 3 mg of histamine causes general flushing of 
the 8km, a rise in its temperature of 1° or 2° C , a small decline of systolic, 
a great fall of diastolic, pressure, and a rise of pulse rate , the flush is most 
conspicuous in those parts that are previously red Even doses of 0 06 mg 

1 The coronary vessels may be constricted or dilated (depending on the species) both 
pulmonary arteries and veins are constricted (as noted on p 336) In the dog, histamine 
contracts the ring of muBcle at the pomt of entrance of the hepatic vein into the inferior 
ona cava with resulting intense engorgement of the Itver and other abdominal viscera 
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repeated The response is highly specific and exactly the same protein muBt 
be used on the two occasions 

The chief symptoms of anaphylactic shock differ markedly in different 
species , on the other hand, the ^symptoms .of anaphylactic shocks resemble 
those of Jiistamme 'poisoning J>\jhe same , species Thus m both conditions 
intense bronchoconstriction develops in the guinea-pig , m the dog both 
produce constriction of the hepatic veins leading to engorgement of the 
liver , m the rabbit both produce constuction of the pulmonary arterioles 
Anaphylactic shock is accompanied by the release of histamine ( 1 ) the 
injection of the specific antigenic protein into a sensitized animal leads to 
the appearance of histamine in the blood ( 11 ) If the antigenic protein is 
added to the fluid which is perfused through the lungs of a previously 
sensitized animal, histamine is released and appears in the outflow fluid 
This hista min e is not newly synthesized but is released during the experiment 
from some closely related precursor 

The results described may be interpreted as follows the first injection of 
the antigenic protein leads to the formation of a specific antibody which is 
found m the cells of different organs When the antigen is injected a second 
time, it reaches the tissues and there reacts~with_the antibody , following this 
union toxic substances are liberated but their exacts source is unknown 
These toxins'damage'flnr cells IrTwlTich 'they appear , one of the results of 
such tissue injury here as elsewhere ( e g in the skm) is the release of histamine , 
other substances are doubtless also formed If the histamine is released m 
the lungs, it produces characteristic bronchoconstriction and swelling of the 
lungs owing to exudation of fluid into the alveoli from the poisoned and more 
permeable capillaries 

On this theory the symptoms of anaphylactic shock result from ( 1 ) wide- 
spread tissue damage resulting from the action of the locally released toxic 
product of the antigen-antibody reaction , (u) histamine poisoning, both in 
the organs in which it is primarily released and elsewhere as a result of its 
absorption into the general circulation 

When certain bacterial toxins (e g staphylococcal), or snake venoms 1 
which damage tissues are perfused through the lungs, they may cause 
histamine to be liberated But again it must be stressed that the toxins 
and venoms also damage the tissues directly and m ways not involving the 
mediation of histamine 

Traumatic Shock. — When a clinician describes a patient as being m a 
state of “shock,” he is not diagnosing a specific disease but is employing a 
convenient label to attach to a clinical syndrome, i e to a fairly clearly defined 
group of symptoms and signs “ Spinal shock ” is of course quite a distinct 
entity with characteristic features described on p 690 The condition of 
shock is a serious one involving danger to life It is unfortunately true to 
say that the diagnosis of “ shock ” is so loosely and variously used that it may 
fail to give an outsider a clear indication of how ill the patient is, what 
symptoms and signs he displays to the bedside observer or what treatment he 
requires The clinical state termed “ shock ” may be associated with a wide 
variety of causal agencies among the more important are trauma, hremor- 
riiage, severe dehydration (e g from grave diarrhoea or incessant vomiting), 

t B,ot Sa ’ 1937 ' I6 ‘ m *“• 461 ’ 
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severe burns, toxaemias, high-voltage electrical currents, visceral perforation, 
coronary thrombosis, introduction of foreign proteins into the body, pleural 
puncture, and great mental stress It is proposed to discuss here mainly 
shock due to trauma It is customary to divide traumatic shock mto 'primary 
(or immediate ) which comes on at once, and secondary (or delayed) shock 
which either follows on the primary or develops after a latent period without 
manifest signs 

Clinical Picture of Traumatic Shock 1 — Following a severe injury the 
patient shows “ a rapid thready pulse, a pallid or greying or shghtly cyanotic 
appearance of the skin which is cold or moist, sweating, marked thirst, 
superficial rapid respiration, co mm only vomiting, restlessness, lessened 
sensibility, a dulled mental state,” and a subnormal temperature Milder 
cases of shock do not show all these symptoms, and serious cases may vary in 
some of their clinical manifestations Thus the typical picture of the wounded 
after the Battle of Alamem was that of “ a talkative, even garrulous, man, 
with ashen-grey face and beads of sweat on the brow, tmy pupils narrowed by 
morphine, making restless, fidgety movements, keepmg an apprehensive eye 
on his bearers lest his wound should be jarred, asking constantly for drinks, 
and vomiting without warning a few minutes after each drink ” 

(1) Blood Pressure — A fall of bloodjpr essur e is commonly noted and is 
widely regarded as an indispensable feature of “ shock ” Some would say 
“ no low blood pressure, no shock,” but this attitude is not m accordance 
with the evidence Clinically obvious and severe “ shock ” as defined above 
may be associated with a blood pressure within the normal range, though 
far more commonly the blood pressure is reduced, even to levels that make 
measurements impossible It will be shown later that after an injury there 
are a number of factors m operation that tend to lower the blood pressure , 
but the blood pressure only actually falls when the elaborate compensatory 
mechanisms of the body have been overcome When clinical shock is 
associated with a normal blood pressure there is usually mtense vaso- 
constriction m certain parts of the body, with resulting decrease m local 
blood flow and anoxia When the blood pressure m a case of shock is low 
there is probably a more generalized inadequate blood supply to the organs 
It should be remembered that the organs that are least fitted to withstand 
severe anoxia of any duration are the bram, the heart, and the kidneys 
Up to a point the effects of anoxia on the organs are reversible and can be 
fully recovered from if the circulation is promptly restored , but if the 
anoxic state persists for too long a period, irreversible changes occur and 
recovery will not take place m spite of treatment 

(2) Heart Rate — Though the pulse is commonly rapid it may be slow or 
within normal range , thus five cases of shock with a blood pressure of 
55 mm Hg or less, had pulse rates of 86, 82, 92, 104, and 76 per mmute 

(3) Blood — The blood volume is commonly reduced When this is due 
mainly to haemorrhage, there is a secondary flow of tissue fluid into the 
circulation, producing a fall of haemoglobin concentration and of haematocnt 
value (hcemodilution) When the decrease m blood volume is due to plasma 
or simple fluid loss (rather than loss of whole blood) there is h&moconcentration 

(4) Kidneys — In shock due to crush injuries (p 343) gross anatomical 
changes occur m the kidneys But in other groups of traumatic shock it 

1 Cope, Lancet , 1944, i, 702 
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has been found that the renal blood flow, the volume of glomerular filtrate 
and volume of urine excreted are reduced roughly proportionally to the 
degree of shock Cortical ischemia may occur from closure of the inter- 
lobular arteries , the blood is then shunted via the juxta-medullary glomeruli 
into the renal medulla (p 26) 

Mechanism of Shock 1 — Traumatic shock is thus a general bodily 
disturbance following an injury which may be limited m extent The local 
injury might produce the widespread changes noted m one or both of two 
ways 

(1) Nervous i e afferent impulses arising m the injured area, reflexly 
via the central nervous system, modify m a harmful manner the activities 
of various organs or systems 

(2) Humoral (i) by (a) local loss of blood, plasma, or fluid, leading to 
decreased circulating blood volume , (b) local loss of heat leading to subnormal 
body temperature , (c) local loss of some essential blood constituent 

(n) By absorption of toxic agents from the injured area into the general 
circulation 

In immediate shock, it is likely that nervous reflexes play a predominant 
part producmg, it is beheved, reflex vasodilatation, often cardiac slowing and 
reduced cardiac output and consequently reduced blood flow and thus tissue 
anoxia Unfortunately few detailed analyses of cases of this type of shock 
have been carried out , but if the suggestions just made are substantiated, 
immediate shock would turn out to be closely related to the vaso-vagal 
syndrome (p 271) or fainting attack associated with slow heart and vaso- 
dilatation In delayed shock some or all of the factors enumerated above are 
probably m action to a varying extent m different cases (v infra) On ultimate 
analysis the state of shock is due to depressed or disordered tissue metabolism , 
this m turn may be due to anoxia, toxic agents, or lowered temperature The 
anoxia m its turn is due to circulatory failure which might be due to diminished 
circulating blood volume, to impairment of the heart’s action, or to decrease 
in the peripheral resistance 

Animal experiments planned to analyse the causes and manifestations of 
shock suffer from obvious, serious, and not wholly avoidable defects There 
is first the species difference, as animals may differ m their responses from 
man The experiments are usually performed under anesthesia, which 
eliminates the factor of conscious pam from the clinical picture, though it 
introduces a complicating factor of its own, as prolonged and deep anaesthesia 
can ultimately produce circulatory failure The experimentalist further does 
not use the same criteria of “ shock ” as does the clinician , he does not judge 
the entire clinical condition, but regards a lowered blood pressure as an indis- 
pensable manifestation and m fact as the mam index of the severity of the 
state of shock The type of injury employed to produce shock has varied very 
widely and the results in different series of experiments have been regarded 
as comparable though the procedures have been significantly different These 
remarks may help to explain the present state of confusion of the subject 
an< ^Q^ e difficulty of correlating experimental and clinical findings 

Role of Specific Factors in Clinical Shock — (1) Haemorrhage — 
The clinical results of severe haemorrhage are indistinguishable from those of 
shock , i e haemorrhage alone may be responsible for a state of shock In 

1 Grant and Reeve, General Effects of Injury tn Man, H M Stationery Office, 1951 



342 


HEMORRHAGIC SHOCK 


fact most cases of clinical sliock show changes indicating that considerable 
blood loss has occurred In one group the outstandmg features were a 
decrease in the blood volume, a lowered haematocnt value (indicative of 
haemorrhage with partial compensation by tissue fluid inflow), lowered venous 
pressure, decreased cardiac output, low blood pressure, and renal insufficiency 
In a representative case a few hours after the injury the cardiac output was 
reduced from (the theoretically expected) 5 3 litres to 3 75 litres per minute , 
the blood volume was down from 4,500 to 3,500 cc and the hsematocnt 
value from 45% to 28% The mean arterial blood pressure ( i e mean of 
systolic and diastolic pressures) ranged from 30 mm Hg 3 hours after the 
injury to 80 mm Hg 2 hours later The rate of glomerular filtration was 
lowered from 110 c c to 20-30 c c per minute and the renal plasma flow from 
600 c c to 150 c c per minute The calculated resistance to the blood flow 
m the kidney was increased fourfold, i e there was intense renal vaso 
constriction The flow of urine was only 3 c c (normal 50 c c ) per hour The 
total peripheral resistance was not significantly altered Calculation shows that 
the total red cell volume before the injury was 2000 c c , 3 hours after, it was 
down to 1000 c c Thus 1000 c c of red cells had been lost as a result of the 
injury, doubtless together with over 1000 c c of plasma , in other words it 
appears that this patient had suffered a haemorrhage of over 2000 c c m a 
short period , as the total blood volume had only fallen by 1000 c c , about 
1000 c c of tissue fluid had been drawn back into the circulation It is not 
unlikely that this very large haemorrhage was responsible for all the other 
manifestations noted 

In our studies of haemorrhage in man, we dealt with the results of loss of 
blood of about 1000 c c (p 81) , nothing is known about the effects m man 
of an acute haemorrhage of twice that size In the 1000 c c haemorrhage the 
peripheral resistance is initially greatly increased because of compensatory 
vasoconstriction , when fainting occurs it is associated with a collapse of the 
blood pressure and a great decline of the peripheral resistance from its initial 
high value In these cases of shock no increase of total peripheral resistance 
was noted , if it was present initially it had soon passed away The low 
cardiac output, coupled with a normal peripheral resistance, produces the 
characteristically low blood pressure The circulatory collapse must be 
attributed to a primary failure of the venous return which leads to a decreased 
cardiac output The only region where marked vasoconstriction was present 
during shock was the kidney , the very low blood flow through the kidney 
(plus a possible cortical ischaemia) accounts for the negligible urinary output 
More direct evidence is still needed to prove that in cases of the type described 
haemorrhage of the extent calculated has really taken place Once the state 
of shock develops the vital organs suffer progressively , the decreased cerebral 
flow depresses first the higher centres and later the vital medullary centres , 
the decreased coronary flow impairs the contractility of the heart , the 
decreased renal flow finally produces the manifestations of latent uraemia 
(P 73) 

(2) Plasma ok Fluid Loss — A large loss of plasma alone or of fluid from 
the blood could produce a circulatory picture very similar to that described 
above It has been suggested that m many injuries, apart from the frank 
haemorrhage from torn vessels, there may also be leakage of protein-rich 
fluid out of vessels whose permeability has been increased One can only 
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be certain that plasma loss is the dominant factor when the blood shows 
hiemoconcentration , this latter finding is uncommon following trauma 
Plasma loss on a large scale does, however, occur from a burnt area Severe 
vomiting or sweating would still further decrease the plasma volume 
(producing anhydrsemia) There is no evidence that capillaries remote from 
the traumatized area show any increase m their permeability / 

(3) Crush Syndrome — The victims of air-raids are often buried under 
heavy masseso? masonry which may pm down and crush a limb for a number 
of hours When rescued, the patient’s clinical state may not be alarming, 
but progressive deterioration sets m and some two-thirds of the cases die m 
spite of treatment Owing to the prolonged complete ischsemia, extensive 
necrosis develops m the affected muscles and skin The locally injured vessels 
permit the leakage of blood or plasma with resulting decreased blood volume, 
and the limb becomes enormously swollen and tense with impairment of its 
circulation The activity of the kidneys is depressed \ifby the decreased 
blood fiow which' is due partly to the lowered blood pressure and partly to 
compensatory vasoconstriction , '(h) there may be cortical ischaemia which 
cuts the glomeruli out of the circulation , *-(ni) hi addition myohcemoglobm is 
absorbed from the damaged muscles and while being excreted by the kidneys 
is commonly precipitated in the renal tubules, blocking the escape of urine , 
the renal tubules often show extensive degenerative changes The volume 
of the urine is decreased greatly, and myohcemoglobm may be present m 
it Uraemic symptoms from renal failure comphcate the clinical picture 1 

It is not improbable in view of the crushed state of the muscles that 
various products of tissue damage are absorbed from the limb and produce 
systemic toxic effects , but in spite of intensive search, no such substances 
have yet been demonstrated in the blood The agents looked for have been 
mainly substances of the histamine class (which produce capillary paralysis) 
or general vasodilators like adenosine and related compounds 

(4) Reflex Factor 2 — In some cases, typically following fracture of _a 
long bone lik e a femur, shock may be severe without evidence of great damage 
to soft parts or fluid or blood loss Experimental analysis suggests that the 
manifestations of shock m these cases are reflexly produced and mayjbe pre- 
vented or greatly reduced by denervation of the injured part or blocking the 
reflex arcjn the .spinal cord.byjpmal„an8esthesia_ It is not yet known how 
the afferent impulses set up m the injured part cause the permanent depression 
of the circulation In conscious subjects it is well known that severe prolonged 
pam from any cause can ultimately induce a state of circulatory collapse and 
m! 271 < ) ( ^ e P ression general nervous activity (Cf vaso-vagal attacks, 

(5) Fall of Temperature — Temperature regulation becomes defective , 
exposure to cold (a complication commonly occuring with wounded men) 
and marked sweating will intensify heat loss and set up a vicious circle m 
which the body temperature progressively sinks 

(6) Infection — If obvious infection of the injured part supervenes, 
toxic products formed by the bacteria or released from the damaged tissues 
may be absorbed and poison the heart and paralyse the peripheral blood 
"vessels leading to circulatory collapse It is claimed that experimentally m 

l Bywaters and Dible, J Path Bad , 1942, 54, 111 

- Slomo and O’Shaughnessy, Brit J Surg , 1936, 22, 589 , 1938, 25, 900 
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shock due to crushed limb or hsemorrhage, organisms enter the blood 
stream and blood cultures are positive for the enteric group, B cerogenes 
and B coh 

(7) Other contributory factors which sometimes play a part are over- 
ventilation leading to C0 2 lack and its sequelae (p 406), emboli of fat hberated 
mainly from the marrow of damaged bones, or a rise of plasma potassium 
In shock increased utilization of adrenal corticoids occurs, leading to exhaustion 
of the gland 

Evidence from the Results of Therapy — It is not proposed to consider 
the detailed management of a clinical case of shock , but the results of 
treatment (when carefully controlled) may throw hght on the nature of the 
disturbances involved In many clinical cases measures directed to increasing 
the volume of the circulating blood have proved highly beneficial These 
consist of intravenous transfusion of whole blood, plasma, or serum which are 
retained in the circulation (because of their protein osmotic pressure) far better 
than saline (Fig 48) If bleeding is not fully controlled or if, because of 
altered capillary permeability, protein-nch fluid contmues to escape into the 
tissue spaces, very large transfusions may have to be given These results 
support the view that a decrease m the total blood volume, or in the circulating 
blood volume, or a disproportion between the capacity of the vascular bed and 
the total blood volume are often important factors m promotmg the circulatory 
failure that is such a common and considerable factor m shock Sedatives 
are also widely employed and prove beneficial probably because they reheve 
pam and depress certain reflex arcs which were operating harmfully Adrenal 
cortex extracts have been given to reheve the supposed state of cortical 
deficiency {supra) , but the doses used have probably been too small and 
there is inadequate evidence that they have proved beneficial clinically, 
cortisone may perhaps prove useful The subnormal body temperature in 
shock has been regarded as an indication for warming the patient , it is, 
however, dangerous to overheat the patient, as the rise of temperature, by 
producmg vasodilatation may annul the beneficial effect of the pre-existmg 
compensatory vasoconstriction Heating also mcreases sweating, thus 
increasing fluid loss and further diminishing the plasma volume It must 
be borne m mind that a low skin temperature does not necessarily indicate 
that the internal temperature has fallen , it may merely represent com- 
pensatory cutaneous vasoconstriction 

Changes in Burns — An extensive burn produces severe pam with all itB 
reflex effects , a large volume of protem-nch fluid is lost from the damaged 
vessels with a resulting decrease m the plasma volume and anhydrcemia , m 
a few hours one quarter of the total plasma volume may be lost from the 
circulation with progressive heemoconcentration Heat loss is also increased , 
secondary infection may develop After severe burns the concentration of 
histamine m the blood may rise fourfold m the course of a few days, and this 
change is paralleled roughly by the gravity of the clinical state, suggesting 
that it plays a part m producing the symptoms The importance of the 
histamine factor must not, however, be overestimated Products of tissue 
damage other than histamine may be absorbed 
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EXPERIMENTAL AND CLINICAL HYPERTENSION 

Experimental Hypertension — Of the many procedures which have 
been used experimentally to produce hypertension, two only will be considered 
here (i) Section of the sino-aortic nerves , (n) reduction of the blood flow 
through the kidneys (renal ischaemia) The latter method is of great clinical 
interest 

1 Section of the Sino-aortic Nerves — The chrome persistent hyper- 
tension produced by this procedure is described on p 744 

Clinical hypertension, however, is never the result of denervation by 
disease of the sino-aortic sensory zones Strangely enough patients with 



Fio 206 — Experimental Hypertension from Renal Ischasmia 
(Goldblatt, Ann mt Med , 1937, 11 ) 

Record of blood pressure m dog At BE, constrict right renal artery 
progressive rise of blood pressure At BN, remove right kidney 
blood pressure falls again At LK constrict left renal artery 
blood pressure mounts rapidly to 280 mm and the animal dies 


extensive disease of these zones never seem to suffer from hypertension In 
severe clinical hypertension the smo-aortic areas are generally quite normal 
Ihe combination of clinical hypertension with intact vasosensory zones 
means that the factors responsible for the hypertension are so potent that 
they can completely overcome all the normal regulatory mechanisms 

2 Renal Ischaemic Hypertension 1 — Experimental renal lschsemia 
produces persistent arterial hypertension The blood flow through the kidneys 
is reduced by placmg chps on one or both renal arteries and screwing them 
down to constrict the lumen of the vessel 

( 1 ) If ischsemia is thus induced on one side m the dog the blood pressure 
rises steadily for several weeks or months (Fig 206), hut then usually begins 
o decline, and may ultimately return even to the pre-expenmental level 2 

1 In f? 11 Jr f/ Jn o eZ ei Hypotension (trans , Dexter), 1946, Springfield, Illmois 

bo rat (p 356) unilateral renal iscbfemia may produce persistent hypertension 
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Bilateral renal ischemia, however, leads to a persistent hypertension 1 , 
the same result is obtained when one kidney is made ischaemic and the other 
is completely removed 

(in) Hypertension is also induced if the aorta is obstructed above the 
origin of the renal arteries, but not when the obstruction is below, leaving the 
renal circulation unimpaired 

(iv) In ischaemic hypertension both jystolic and diastolic blood pressures 
are raised^and the heart is considerably hypertrophied The structural 
changes m the blood vessels are considered on p 354 



A B 

JFxo P07 — Comparison of Effects of Severe Eenal IsclKemia and of Nephrectomy on 

Blood Pressure and Blood Urea (Goldblatt, Ann tnt Med , 1937, 11 ) 

A At arrow both kidneys were made severely isohsemic, hypertension and urea 
retention 

B At arrow (B N = bilateral nephrectomy) both kidneys were removed Urea reten 
tion is extreme but the blood pressure remains unchanged 

(v) If the ischaemia is moderate m extent the ischaemic kidneys show httle 
structural change, e g simple atrophy and perhaps early tubular changes 
If the ischaemia is severe there is in addition to the mounting hypertension 
evidence of grave impairment of renal function , the usual blood and urinary 
changes of uraemia develop with a rapidly fatal outcome The results m 
an animal experiment are shown m Pig 207, A 

(vn) A clinical case of extensive occlusion of both renal arteries by thrombi 
is illustrated in Fig 207 The severe resulting bilateral renal ischaemia 
caused the blood pressure to rise to 210 mm Hg (systolic) , owmg to in- 
adequate renal excretory function the flow or urme was very small and there 

i When a secondary fail of blood pressure occurs in bilateral experiments it is probably 
due to the establishment of some degrco of collateral circulation which compensates lor 
the diminished blood supply along the main renal arteries 
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was marked retention of the non-protein nitrogenous (NPN) constituents 
of the plasma (see legend to Pig 208) 

Mechanism of Experimental Ischaemic Hypertension —The hyper- 
tension is due to the presence of an ischsBmio kidney, for if the affected kidney 
is removed (in unilateral cases) the blood pressure promptly falls to normal 
(Fig 206) It is well known also that hypertension does not follow bilateral 
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Fia 208 — Hypertension from Severe Bilateral Renal Ischtemia m Man 
(Prinzmetal et al , J Amer med Assoc , 1942, 118, 44 ) 

Records from above downwards systolic and diastolic blood pressure In mm Hg , 
non protein nitrogen of blood In mg-% of It , estimated urinary output In c c 
per day 

A woman aged 60 suffering from auricular fibrillation suddenly developed severe 
epigastric pain, nausea and dj spnoea , the blood pressure was 115/75 The B P 
graduallj rose to 190/110 on the 13th day and the systolic pressure ultimately rose 
to 210 mm Hg The volume of urine diminished till it almost ceased , the non- 
protein N was 72 mg-% on the 9th day and 148 mg-% on the day before death, 
which occurred after Increasing stupor on the 25tli day 

Post mortem the entire length of the major right renal artery and the first part of 
the left renal artery were occupied by thrombotic material , a separate inferior 
renal artery was patent but its orifice was obstructed by thrombus 


nephrectomy although marked nitrogenous retention occurs , ischaemic hyper- 
tension is thus not due to any associated rise m the plasma nitrogenous 
constituents (Fig 207) The magnitude of the hypertension is related 
primarily to the degree of renal lschmmia The ischaemic kidney produces 
hypertension by releasing a pressor agent into the circulation 

Evidence for Circulating Pressor Agent — (i) An ischaemic kidney 
is removed and transplanted into the neck of another completely nephrectom- 
ized annual by anastomosing the renal and carotid arteries and the renal 
l u 8 u ^ aT veins respectively As soon as the circulation is re-established 
tbe blood pressure rises rapidly m the recipient by 30-40 mm Hg in 5-10 
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minutes (Fig 209) (In control experiments in winch normal kidneys are 
so grafted, hypertensive effects are rarely produced ) If the grafted ischaemic 
kidney is then transferred into the neck of a second recipient, this animal 
m its turn shows a rise of blood pressure The pressure in the first recipient 
(deprived of its ischaemic kidney) remains high for several hours, after which 
it gradually returns to normal 

(n) The venous blood plasma leaving the ischaemic kidney has an intense 
constrictor action when perfused through the blood vessels of a frog , blood 
from control kidneys has only a slight activity, or none at all A perfusate 
of the ischaemic kidneys from the case recorded in Fig 208 made immediately 
after death also contained similar pressor material The pressor substance is 



Fig 209 — Effect of Graft of Ischemia Kidney on Blood Pressure (Fasciolo, Houssay 

and Taqumi, J Physiol , 1938, 94 ) 

Record of arterial blood pressure An ischjemlo kidney from a dog with high blood pressure was (at the 
arrow mark) grafted into the neck, first Into one (lower record) and then into another (upper record) 
chloralosed nephrectomlzed dog Note the sustained rise of blood pressure which is produced 
gradually in each case Time in minutes 

associated with the plasma proteins , it is absent from deproteimzed plasma, 
or from the ultra-filtrate of citrated plasma 

-(m) The vasoconstrictor substance formed by the ischaemic kidney is 
eliminated or destroyed by healthy kidney tissue Thus m unilateral renal 
ischaemia removal of the 'other, normal, kidney - is followed by an aggravation 
of the pre-existmg hypertension When an ischaemic kidney is grafted into a 
nephrectomized host (e g in Fig 209) it produces a greater rise of blood 
pressure than in a recipient with intact kidneys As might be expected, the 
venous blood leaving the normal kidney m a hypertensive animal possesses 
less pressor activity than the arterial blood reaching it 

(iv) The pressor agent formed by the ischaemic kidney does not act through 
nervous channels thus ischaemic hypertension is unaffected by division of 
the nerve supply to the kidney, section of the splanchnic nerves, division of 
the ventral roots supplying the abdominal viscera, or even extirpation of 
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the entire sympathetic chain The hypertension is not completely abolished 
even by destruction of the spinal cord 

The pressor substance responsible for the development of ischiemic hyper- 
tension is known as hypeitensm ( angiotonm ) It is formed m the blood as 
the result of the mtera'ctioh'beFween an enzyme, renin, formed by the ischaemic 
kidney and a normal plasma globulin (a 2 -globuhn (p 136)) called hyper- 
tensmogen, thus 

Hypertensinogen-j-Remn ^Hypertensm 

f normal plasma- \ / enzyme \ f Angiotonm] > 

(protein constituent / \ protease / (polypeptide)' 


The properties of these substances must next be reviewed 
Renin. — ( 1 ) Renin is a protein which can be extracted from normal fresh 
kidney cortex, but not from the medulla It is present m larger amounts m 

extracts or perfusates of ischaemic kidneys ( ( 

(both experimental and clinical) /\ 

(n) There is excess renin in the venous 100 - / 

blood leaving the ischaemic kidney 90 - / 

(m) On intravenous injection m animals ^ / 

rernn raises the arterial blood pressure ^ 80 / 

(Rig 210) by a peripheral action on the 1 ?o - / -^ y. / 

blood vessels When given by the method 6D . \/ 
of slow continuous intravenous infusion it m c 

produces a sustamed hypertension 50 " \ f 

(iv) Though renin gives rise to vaso- — g~ 4~ 6' "^ ~lo Ti T i 4 i s 

constriction it can be readily shown that minutes 

it does not act directly on the blood vessels Fig 210 —Effect of Kidney Extract 
Thus though purified rernn markedly raises (Remn) on Arterial Blood Pres 

the blood pressure in the intact animal it ®ll re , Unanresthetizcd Rabbit 

has no effect on blood vessels perfused ^kenng and Prmzmetal, CTm 

With a Rmger-Locke’s solution But if AtM ,lcc of an extract Of rena. medulla 
bile periusion 19 carried out with serum, was injected intravenously , the blood 
added remn has its usual constrictor 

action If the bloodvessels are perfused lected.^a marked rise of blood pressure 
with recirculated serum, successive injec- 
tions of remn produce smaller effects , if fresh serum is now employed, the 
constrictor effect of remn is restored to its original value It is clear from all 
these observations that remnjisjiof directly constrictor Jrut reacts with a serum 
constituent which is gradually, used- up and must either be replaced ’ (m the 
perfusion circuit) or else given time to be re-formed m the intact animal 

(v) When remn is incubated with serum the pressor activity of the mixture 

increases initially owing to the appearance of a new substance, a heat stable 
polypeptide, which has the distinctive feature (m which it differs from r emn ) 
of constricting blood vessels perfused with Rmger-Locke’s solution This 
directly acting pressor principle is called hypertensm Suitable experiments 
snow that remn interacts with a globulin fraction of tbe serum (called 
nypertensinogen) " ~ 

(vi) Remn is an enzyme the yield of hypertensm is increased as the 
nypertensinogen concentration is mcreased , within limits an increase m the 
remn concentration has the same effect but if the remn level is mcreased 
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further the hypertensm yield is diminished It is concluded that hypertensin 
is a product of hydrolysis of a globulin (hypertensmogen) by the enzyme 
renin Renin is probably a proteolytic enzyme which acts specifically on the 
blood globuhn only , m fact renin may be species specific, the renin extracted 
from the kidneys of one species not necessarily acting on the blood globulin 
of another [eg rerun from pig’s kidney is inactive on injection in man) 
[For physiological role of renin, see p 353 ] 

(vn) It is extremely interesting to note that when pepsin is incubated with 
a variety of proteins it also hberates a pressor substance (chemically a poly- 
peptide) resembhng hypertensin and called pepsitensin 

Hypertensin — In ischaemic hypertension the presence of hypertensin can 
he demonstrated m the circulating blood 

Injected intravenously m animals, hypertensin produces a sharp transient 
rise of blood pressure resembhng that produced by adrenaline and due to a 
peripheral constrictor action on the blood vessels It differs from adrenaline 
in showing none of the drug antagonisms of the latter and m being motor to 
the isolated intestine (cf p 724) Slight tachyphylaxis develops after a long 
series of injections, i e the pressor responses progressively decline m magni- 
tude There is some evidence that the blood may contain an agent which 
potentiates the action of injected hypertensin (hypertensin-" activator ”) and 
which is slowly used up 

Action of Hypertensin in Man 1 — (1) Action on Circulation — (i) When 
hypertensin is injected or infused intravenously m normal man it raises both 
systolic and diastolic blood pressure to an extent which depen3s'~oiT the 
dosage used (Fig 211) It constricts Jliepehpheral blood vessels ( a ) injected 
mtradermally it produces blanching of the' skin - , ~ (6) mjected intra-arterially 
it produces vasoconstriction in the muscle mass supplied by the artery , 
(c) injected intravenously the blood flow through thedimbs decreases 

(n) The effects on the heart are complex , j (a) rhere is marked cardiac 
slowing which is abolishe d b y atropine (indicating vagal involvement) , 
i [b) there is usually evidence of heart failure (Fig 211), e g diminished cardiac 
output, rise of venous pressure, engoigement of the lung vessels (as shown by 
the decreased vital capacity), increased cn dilation time, and an mcrease m 
the size of the heart The arterial hypertension produced by injection of 
large doses of hypeitcnsm m man is thus due to vasoconstriction and still 
occurs even if there is coincident heart failure 

(m) The cardiac changes just described are those generally observed when 
sudden marked vasoconstriction and hypertension are produced experi- 
mentally and the load proves temporarily excessive for the heart to cope 
with It is likely that if smaller amounts of hypertensm were mfused steadily 
for much longer periods compensatory cardiac hypertrophy would take place, 
the cardiac efficiency would mcrease, and the heart would sustain the hyper- 
tension without signs of failure such as venous engorgement 

(iv) Although intravenously injected hypertensin produces some con- 
striction of the skm vessels as shown by a_fall .of skm tempeiature, the 
contraction of these vessels can be readily overcome by chemical agencies, 
e g by reactive hypersemia 

(2) Action on Kidney — Hypertensm produces important changes in renal 
function (Fig 212) 

i Bradley and Parker, J dm Jnveelig , 1941, 20, 715 , Wilkins and Duncan, ibid , 721 
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( l ) The renjA-WoadLjZoi^is^aAedly_ reducedto a greater extent than 
would be expected from the impairment of the heart’s action , it is therefore 
the result of constriction of the renal blood vessels 

(ui) Glomerular „ filtration rate is also cut down, but to a less extent pro- 
portionately than the renal blood flow 

(m) The filtration .fraction (g lom erular filtrate/renal plasma flow) rises, 

INF 10% HYPERTENSIN 



Fro 211 — Effects of Intravenous Infusion of Hypertensm (Angiotonm) on the Circulation 
m a Normal Man (Wilkins and Duncan, J elm InvesUg , 1941, 20 , 729 ) 

In arterial pressure records, upper line— BjEtolio, lower line = diastolic, vertical lines =pulse pressure 
At 01 minutes (first interrupted vertical line) commence infusion of a 10% solution of hypertensin, 
at rate of 6 c c per minute , infusion stopped at S2J minutes (second interrupted vertical lino) 

Note (i) Fall of skin temperature = constriction of skin arterioles 

(li) Decrease in \ital capacity =■ pulmonary congestion (of p 307) 

(ill) Ill8o of \cnous pressure =heart failure 

(iv) Rise of sjfitolic, diastolic, and pulse pressures (due to vasoconstriction) 

(v) Slowing of heart 

Tho sjmptoms are noted on the chart 

c g from 0 2 to 0 3, i e a greater proportion of the plasma flow is filtered out 
mto Bowman’s capsule This finding is attributed to raised mtra-glomerular 
pressure , it must therefore be supposed that the efferent glomerular arterioles 
are more markedly constricted than the afferent arterioles (cf pp 25, 27) 

(iv) The concentrating pow~er of the kidneys is""decreased, i e less water 
absorption takes place in the tubules 

(3) The subjective symptoms consist of palpitation, a feeling of substernal 
oppression, dizziness, headache, and nausea 

Destruction of Hypertensint — Hypertensm is readily destroyed by 
incubation with tissue extracts or serum which contain a proteolytic enzyme, 
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hy^ertensinas 6 , tins enzyme probably breaks down tbe hypertensm poly- 
peptide into inactive ammo-acids This enzyme is possibly formed by the 
normal, kidney 



Fig 212 —Effect of Infusion of Hypertensm (Angiotonm) on Renal Function m Man 
(Page, J Mt Sinai Hosp , 1941, 8, 14 ) 

Records from above downwards systolic and diastolic blood pressure , renal blood lion (diodrast clear 
ance) In c c per minute , glomerular filtration rate (mulin clearance) in c c per minute , filtration 
fraction, i e glomerular flltrate/renal plasma flow , arrows indicating volume of injected hypertensin 
solution Time in minutes 

Note (i) Rise of arterial blood pressure 

(ii) Decrease in renal blood flow from 1200 c c to under 500 c c per minute 
(ill) Reduction in glomerular filtrate from 150 to 75 c c 
(iv) Rise in filtration fraction to about 0 3 

The lower three records are plotted semi logarithmically The horizontal line on each of theso 
records indicates mean normal values 

(i) The nephrectomized animal responds to an injection of hypertensm 
with a greater and more sustained rise of blood pressure than the normal 
animal , tins result may be due to the presence of less hypertensmase 

(n) Similarly the grafted ischsemic kidney produces a greater rise of blood 
pressure in the nephrectomized ammal (p 348) 
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(in) In unil ateral ischaemia, removal of the normal kidney aggravates the 

hypertension , „ 

Sum mar y of Mechanism of Ischemic Hypertension — -Ischaemia oi 
the kidney dis turbs its metabohsm leading to the excessive discharge mto 
the circulation of the proteolytic enzyme renin which acts on a plasma a z - 
globuhn, hypertensinogen, to form the polypeptide hypertensm The action 
of hypertensm may be potentiated by an “ activator ” in the plasma Hyper- 
tensm is normally destroyed by hypertensinase which is provided mainly by 
the kidney 

Physiological role of Renin — It has been suggested that when the 
arterial blood pressure falls, rerun may be normally secreted to produce com- 
pensatory vasoconstriction In support of this hypothesis two observations 
may be quoted ( 1 ) during severe haemorrhage the renin content of the venous 
blood from the kidney rises , (n) after nephrectomy animals succumb to a 
smaller loss of blood than do intact animals Nothing is known about the 
way m which such raised rerun secretion is brought about , it may be the 
direct result of the reduced renal blood flow 

Little is known about the effects of injection of rerun in man Renin of 
animal origin is inactive, and potent preparations of human rerun are not 
yet available 

Clinical Hypertension — The clinician uses the term hypertension to 
refer to a persistent elevation of both systohc and diastolic blood pressure , 
the upper normal limit of pressure in the adult is 160 mm Hg systohc and 
100 mm Hg diastolic , in doubtful cases more significance should be attached 
to the raised diastolic blood pressure Most cases of hypertension fall mto 
one of the following groups 

(l) Essential {“ primary ”) hypertension (o) benign , (b) malignant 

(n) Secondary hypertension (a) renal , (b) endocrine 

Essential Hypertension — The condition is so named because its causation 
is not yet established 

(1) Benign Form — In the early stages the hypertension is moderate 
The blood pressure, especially the systohc, fluctuates considerably during 
sleep or emotional and physical rest, the pressure may be normal , in states 
of stress the pressure rises to pathological levels Later the hypertension 
becomes “ fixed ” m the pathological range and cannot be reduced to normal 
by rest or sedatives like the barbiturates There is compensatory cardiac 
hypertrophy , the walls of the small arteries and arterioles become thickened 
(p 354) , renal changes appear, eg an increased volume of night urine, 
albuminuria or shght hasmatuna After a period which may vary from a 
few years to 20 years death occurs from heart failure, vascular accidents 
(haunorrhage or thrombosis), or renal failure 

(2) Malignant Form — The condition is so named because death occurs 
within 6 months to 2 years of its first recognition The blood pressure is 
much higher than m the benign form , the peripheral vascular changes are 
severe and degenerative (p 354) and readily observed m the retmal vessels , 
papilloedema is frequently present Severe renal failure is common 

It is possible, but by no means certain, that the benign and malignant 
conditions are not diseases of mdependent aetiology, but are different grades 
of severity of the same disease ° 

The functional changes found in essential hypertension will now be described 
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(1) Circulatory Changes — ( 1 ) In essential hypertension the cardiac 
output (in the absence of signs of heart failure) is within normal limits, and 
capillary and venous pressures are normal This observation proves that the 
hypertension must be the result of arteriolar constriction (as blood pressure 
varies as cardiac output X peripheral resistance) 

(n) It is necessary to determine the sites of the vasoconstriction The 
following considerations must be borne m mmd if the cardiac output 
remains unchanged, a uniform degree of generalized vasoconstriction or vaso- 
dilatation (though it affects blood pressure) does not alter the blood flow to 
the various organs , the distribution of the cardiac output remains normal 
though the blood is delivered at an altered head of pressure If the vaso- 
constriction differs m degree in different regions, then the parts where the 
constriction is greatest will receive a decreased blood flow, while the regions 
where the vasoconstriction is least will receive a greater blood flow Measure- 
ments suggest that the blood flow m hypertension to the skin, muscles, and 
brain is unchanged, indicating that these vessels participate m the vaso- 
constrictor process Little is known about the blood flow through the 
splanchnic vessels during life except for the kidney, which frequently suffers 
from ischnmia (infra) Apart from the kidney the vasoconstriction is general 
and fairly uniform in character 

(m) The work of the heart is, of course, increased as it is related directly to 
the product of cardiac output and peripheral resistance 

(2) Renal Changes — The kidney changes require careful consideration , 
they vary with the severity of the case 

(i) The renal blood flow may vary from normal (e g 1200 c c per minute) 
down to under 100 c c 

(u) The glomerular filtration volume is much less reduced proportionately, 
so that the fraction of the plasma which is filtered out ( filtration fraction 
(p 27)) is increased , this change indicates increased glomerular pressure 
and as it is accompanied by renal lschsemia it is due to greater constriction 
of the efferent than of the afferent glomerular vessels (p 25) 

(m) There is also a variable amount of damage to the renal tubules as 
shown by decreased tubular power to excrete diodrast (reduced tubular 
“ diodrast ” maximum' (p 40) , in malignant hypertension the excretion 
may be only 10-40% of the normal 

Structural Changes in Blood Vessels in Hypertension — As the 
structural changes found m experimental ischaemic hypertension and m 
clinical essential hypertension are indistinguishable, one description (based 
chiefly on the clinical findings) suffices The vessels affected are the small 
arteries and arterioles with a diameter of 25-100 g If the hypertension 
develops gradually, the initial change is hypertrophy, followed later by mild 
degeneration of the vessel wall , if the hypertension develops rapidly and is 
severe, marked degeneration sets m without preceding hypertrophy 

(1) Hypertrophic Changes — There is increased thickness of the muscle 
coat, reduplication of the internal elastic lamina, development of new musculo- 
elastic layers, and proliferation of the subendothehal connective tissue The 
changes occur pretty generally m the various regions of the body (Fig 213) 

(2) Degenerative Changes — These are limited to the vessels supplying the 
abdominal viscera and almost invariably affect severely the interlobular 
arteries and the afferent glomerular vessels of the kidney These changes are 


STRUCTURAL CHANGES IN BLOOD VESSELS 355 

common m tlie retinal and cerebral vessels but not m tbe vessels to skeletal 
muscle, s kin , and lungs The degenerative changes are of the following 
types 

( 1 ) Diffuse Fibrosis — This is the common change m benign hypertension 
There is fibroblastic replacement of the muscular fibres of the media and 



Fig 213 — Hypertrophic Ch inges in Interlobular Artery of Kidney m 
Benign Essential Hypertension 

The interlobular artery has been cut at tiro points along its course The section is stained for elastic 
tissue Note the great uniform increase of the submtimal connective tissue and the numerous neuly 
formed layers of elastic tissue (Hadfleld and Garrod, Recent Advances in Pathology, 5th edn , J &, A 
Churchill, London, 1947 ) 


reduction of the lumen of the vessel by proliferation of the submtimal con- 
nective tissue 

( 11 ) Fibrinoid Degeneration — This process affects many visceral vessels 
but it is noteworthy that m nearly every case the afferent glomerular arteriole 
is affected (Fig 214) There is enormous swelling of the vessel wall owing to 



Fig 214 — Arteriolar Degeneration m Essential Hypertension 
A Kidney Note fibrinoid degeneration of afferent glomerular arterioles 
“ TOtyingsize 61 ' N ° tC 5reat tluckenra B and fibrinoid degeneration of arterioles of 
(Hadfleld and Garrod, Recent Advances in Pathology, 5th edn , J & A Churchill, London, 1947 ) 
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the appearance at first under the mtima of hyahne eosinophil structureless 
material which progressively replaces the muscle coat and gradually obliter- 
ates the lumen The degeneration begins at the proximal end of the afferent 
glomerular arteriole and gradually spreads distally, finally involving the 
glomerular tuft itself (Fig 215) 1 

(m) Acute Arteriolar Necrosis — This is the typical lesion of malignant 
hypertension It occurs generally in vessels that have not undergone initial 
hypertrophy and which may still be in the fibrinoid stage Haemorrhage 
occurs mto the vessel wall which simultaneously undergoes necrosis 

Relation of Hypertension to Structural Changes in Vessels — 
There is persuasive evidence that both in experimental ischaemic hypertension 



Fig 216 — Vascular Changes in Ischaemic Rena Hypertension (m the rat) (Wilson and 

Byrom, Lancet, 1939, l, 136 ) 

Rat kidney Necrosed glomerulus with swelling and proliferation of capsular epithelium , ilbnnod 

necrosis of afferent arteriole x 260 

and m clinical essential hypertension the rise of blood pressure is primary 
and the structural changes are secondary 

(i) Thus the hypertension may set m within a few hours of the production 
of renal ischaemia 

(u) In rats, unilateral renal ischaemia often produces a persistent hyper- 
tension In the ischaemic kidney which is protected (by the clamp on the 
renal artery) from the full strain of the hypertension, the structural changes 
are slight and consist of simple tubular atrophy In the kidney with the 
free circulation which is consequently fully exposed to the hypertension 
the typical vascular changes of severe clinical hypertension appear, involving 
the interlobular arteries and the afferent glomerular arterioles 

(ui) In experimental rats with rapidly developing severe hypertension, 
and especially when the blood pressure fluctuations are large, the vascular 
changes resemble those seen in malignant hypertension, i e they are degenera- 
tive and mainly fibrinoid or necrotic 

1 It is noteworthy that though pathologically the afferent glomerular vessel is 
principally involved, the clinical ovidenoe suggests that the efferent glomerular vessel is 
more constricted 




SECONDARY HYPERTENSION 357 

(iv) In rats in which, the hypertension developed gradually and was more 
moderate, medial hypertrophy of the arterioles was the predominant lesion 
The structural changes are independent of the presence or absence of renal 

(v) The pathological evidence suggests that in clinical hypertension 
likewise the rise of blood pressure is primary and the structural vascular 
changes are secondary 

Cause of Essential Hypertension — If the above reasoning is correct, 
the mcreased peripheral resistance which produces the hypertension must 
initially be due to an active contraction of the walls of the arterioles Such 
vasoconstriction may be due to sympathetic overaction or to the presence of 
a circulating pressor agent 

(1) Sympathetic Overaction — ( 1 ) In favour of this view is the marked 
influ ence of emotional tension in producing or aggravating the hypertension 

(n) The blood pressure is temporarily reduced by full doses of the barbi- 
turates , these drugs are known to depress the hypothalamic nuclei 

(in) Section of the splanchnic nerve and the lateral sympathetic chain m 
selected cases markedly lowers the blood pressure for months or years It 
is doubtful, however, whether lasting effects are commonly produced by these 
operations 

(2) Circulating Agent — In view of the many resemblances between essen- 
tial and experimental ischsemic hypertension, it has been suggested that in 
essential hypertension a circulating pressor agent is involved But in the 
early stages of the clinical condition there are no anatomical changes m the 
renal vessels which could produce ischaemia , if there is initial renal ischaemia 
it must be due to spasm of the vessel walls due either to sympathetic over- 
action or to some unidentified pressor substance Once, however, the hyper- 
tension is established (by whatever means) the raised blood pressure second- 
arily produces structural changes m the blood vessels including especially 
those of the kidney As the small vessels become thickened and narrowed a 
permanent increase m peripheral resistance occurs which is unamenable to 
treatment The renal changes produce renal lschgemia with the possible 
release of excess renin and the consequent formation of hypertensin A 
hypertensive vicious circle might thus be established hypertensin produces 
renal ischamia , the renal ischaemia results m mcreased circulating hyper- 
tensin and greater hypertension , the mcreased hypertension produces more 
severe renal ischaemia and thus the hypertension steadily mounts and the 
renal damage becomes progressively more grave This plausible and attrac- 
tive hypothesis suffers from the defect that neither excess rerun nor hyper- 
tensin have yet been demonstrated m the arterial or venous blood m essential 
hypertension whether renal failure was absent or present 

Secondary Hypertension — (1) Endocrine Group — Hypertension 
occurs m tumours of the adrenal medulla ( phceochromocytoma , p 734) and in 
some cases of Cushing’s syndrome ( hypercortism ) 

(2) Renal Group — In this group of cases which constitute about 10% 
of all cases of hypertension there is clear evidence that the renal lesion is 
primary, i e it undoubtedly precedes the development of hypertension and 
is supposed to be the causal factor 

(i) Glomerulo-N ephntis — In Type 1 nephritis (p 75) the inflamm atory 
process markedly affects the renal vessels and produces gross renal 
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ischemia A hypertensive vicious circle may thus be set up leading to 
mounting hypertension and progressive renal destruction as explained on 
p 357 ^ 

( 11 ) “ Surgical ” Kidney Disease — Cases have been recorded m which 
unilateral or bilateral hydro- or pyelonephrosis was associated with hyper- 
tension removal of the affected organ, when the disease was one-sided, led 
to complete return of the circulation to normal It is likely that the disease, 
m such cases, mainly affected the renal blood supply and led to excessive 
secretion of remn and consequently to excessive formation of hypertensm 1 
These cases are uncommon 


DISORDERS OP PERIPHERAL CIRCULATION 

Raynaud ’s Disease 2 — This condition affects the parts of the body that 
are particularly influenced by exposure to cold, most commonly the hands, 
and less often the feet, ears, or nose If patients with this disease are exposed 

to external cold when the skm tem- 
perature is also low, attacks develop 
m which the skm (usually of the 
hands) becomes discoloured and 
numb The sequence of events is as 
follows The digital arteries become 
completely closed, first at the finger- 
tips and later at the bases , the cir- 
culation m the fingers consequently 
ceases This vascular occlusion leads 
after a short delay to two secondary 
events (i) numbness, from loss of 
function of the cutaneous sensory 
nerve endings , (n) closure of the 
capillaries and venules, and there- 
fore blanching of the skm When 
recovery sets in, the skm becomes 
first violet and later red m colour 
The latter flush is due to vascular 
dilatation, i e the reactive hyper- 
semia winch always follows on 
vascular occlusion, however induced 
(p 329) Small areas of necrosis 
may appear at the finger-tips after repeated attacks 

The mechanism involved m the attacks must now be considered They 
are not due simply to excessive vasoconstrictor discharges along the sym- 
pathetic nerves , thus paralysis of the vasoconstrictors with procaine during 
an attack does not reheve the spasm, or only slightly, and after considerable 
delay , in normal subjects, on the other hand, even when the skm is cold, this 
procedure leads to immediate vasodilatation (Fig 216) Attacks of Raynaud’s 

1 Weiss and Parker, Medicine, 1939, 18, 221 

2 Lewis, Vascular Disorders of Limbs, London, 1936 Lewis and Pickering, Clin Set , 
1934, 1, 327, 1938, 3, 287, 321 



Fig 216 — Vasodilatation produced by 
Paralysis of Vasoconstuctors in Man 
(Observations by Dr C A Keele ) 

Ordinate skm temperature 
The nght finger serves as a control 
At the point indicated by the arrow, procaine was 
injected into the left ulnar nerve The left 
finger shows marked vasodilatation as indicated 
by the rise of skm temperature, owing to vaso 
constrictor paralysis 
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disease can occur in severe cases even after sympathectomy Lewis attributes 
the disease primarily to an abnormality of the small peripheral vessels ot the 
order of size of the digital arteries An attack can be brought on by local 
coolmg of the digital arteries, the spasm being, confined to the part which 
has been cooled (Normal vessels never react in this way ) 

When the body is exposed to cold the surface vessels are constricted partly 
by a direct action and partly refiexly through the sympathetic vasomotor 
nerves (p 328) In normal subjects the superficial vessels are markedly 
narrowed , m Raynaud’s disease, however, owmg to the additional factor 
of the local abnormality, the vessels become completely closed But if the 
hand of a patient is kept warm, general exposure to cold which can now act 
only refiexly on the blood vessels does not induce an attack Following 
sympathectomy the blood vessels m the limb become dilated and perhaps 
more resistant to the effects of local cold, and of course they cannot be 
influenced refiexly by vasoconstrictor nerves , but there is not complete 
immunity to attacks (cf p 361) 

Sympathectomy for Vascular Disorders m Man 1 — The immediate 
vascular changes following sympathectomy are the same whether the 
operation is performed on the preganglionic fibres, the sympathetic gangha 
or the postganglionic fibres, so long as all the fibres supplying the part are 
severed The end results depend (i) on whether regeneration of fibres takes 
place , (n) on the natural course of the disease for which the operation is 
carried out 

Upper Limb — The operation of choice is a preganglionectomy The 
lateral sympathetic chain is cut between the third and fourth thoracic 
gangha , this divides all the preganglionic fibres destined for the arm which 
leave the spmal cord below Th3 (cf p 709) To cut any possible preganglionic 
outflow in Th2 and Th3 the dorsal and ventral roots are severed and a piece 
of the 2nd and 3rd intercostal nerves cut out Finally the distal end of 
the sympathetic chain is turned up and stitched to muscle to prevent 
regeneration 2 

Lower Limb — The operation is mainly a preganghonectomy the 
second, third, and fourth lumbar gangha and the intervening sympathetic 


1 Adson and Brown, Arch Neurol Psychiat , 1929, 22, 322 Lewis and Landis, Heart, 
1930, 15, 151 

2 The older operation was mainly a ganglionectomy it consisted of removal of the 
stellate ganglion, i e the first thoracic and inferior cervical gangha, and division of the 
communicating branch to the first thoracic nerve from the second which often receives 
a grey ramus from the second thoracic sympathetic ganglion Such an operation destroys 
most of the excitor cells supplying the upper limb and divides the connector fibres passing 
to the middle cervical ganglion As the excitor cells are extensively removed the risk 
oi regeneration is minimal The operation has two disadvantages, one real and one 
speculative 


(i) The real is due to dividing the sympathetic fibres to the head and neck and so 
producing Horners syndrome (p 708), especially drooping of the upper lid and con 
stnction ot the pupil 

R , Til f ®P eouIatlve 12 based on the fact that the degeneration of the postganglionic 
dnnpLofa terBaul als which follows ganglionectomy mcreases the sensitivity of the 
TIi n ®^ ated P aTts , to ^he action of injected or naturally secreted adrenaline (p 729) 
1 erefore any adrenaline which is poured out in states of emotional stress, phvsical 

woifidtend to X annS 6 the aw P rodu ° e an undue de 6 reo of vasoconstriction which 
ouia tend to annul the dilator effects of the sympathectomy 
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trunk are removed [The preganglionic outflow to the lower limb is from 
the lower thoracic and upper lumbar roots (p 709) ] 

Results of Sympathectomy — After a successful operation vasodilatation 
immediately sets in, as shown by a rise of skin temperature, flushing of the 
skm, and increased loss of heat , the superficial veins are also relaxed This 
occurs m subjects with normal blood vessels {eg patients with spastic 
paralysis in whom the sympathetic was divided under the erroneous impression 
that it would decrease skeletal muscle tone), and in appropriately selected 
cases of vascular disorder Reflex sweating and pilomotor reactions are 
abolished The dilatation may persist for months or years After a time 
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TIME IN MINUTES 

Fiq 217 — Vascular Response of Skm of Fingers to Heating 
of Body (Observations by Dr C A Keele ) 

Ordinate skin temperature 

The body la placed In a heating chamber, but the arms are excluded In 
the normal person and In the case of acrocyanosis the rise of body 
temperature produces marked vasodilatation in the fingers as shown 
by the progressive rise of skin temperature (cf Fig 198) No 
vasodilatation (no rise of skin temperature) occurred in this case of 
Buerger s disease (thromboangiitis obliterans) (cf p 361) 


the akin becomes paler on the operated side because of contraction of the 
small superficial vessels , Lewis suggests this is due to the increased blood 
flow through the skm preventmg the natural local vasodilator substances from 
accumulating to their normal concentration 

Indications foe Sympathectomy — Before sympathectomy is performed 
for the relief of disorders of the peripheral circulation, certain preliminary 
tests must be carried out to determine what the immediate outcome of the 
operation is likely to be 1 

( 1 ) Inject procaine mto a suitable nerve {eg the ulnar or peroneal) to 
paralyse the vasoconstrictor fibres In the normal person marked vaso- 
dilatation and a great rise of skm temperature {e g from 20° to 30° C ) occur 
m the corresponding fingers or toes (Rig 216) 

1 Lewis and Picketing, Heart, 1931, 16, 33 
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(u) Spinal anaesthesia may be mduced up to the level of the mid-thoracic 
cord to paralyse the vasomotor fibres to the legs Similar results to those 
described m ( 1 ) supra are normally obtained m the toes 

(in) The patient is enclosed in a suitable chamber, the temperature m 
which can be raised, the limbs to be investigated are kept outside the 
chamber As the chamber temperature rises, the body temperature goes 
up The heated blood acts on the vasomotor centre diminishing the vaso- 
constrictor discharge to the excluded limbs , afferent impulses from the 
heated skin also act reflexly in the same way (p 327) Skin temperature in 
the excluded limbs (especially in the fingers and toes) rises owing to the 
resulting decreased vasomotor tone , there may perhaps also be active 
stimulation of the sympathetic vasodilators (Fig 217) 

(iv) In cases where the decreased blood supply to muscles is under analysis 
the blood flow to the calf or forearm (usmg the technique of venouB occlusion 
plethysmography (p 305) should be examined before and after blocking the 
vasoconstrictor nerves, to see whether any increase takes place 

Unless the above positive reactions are obtamed, sympathectomy will not 
produce even immediate or transient benefit and is entirely contra-indicated 
Positive reactions ( i e vasodilatation) are elicited m acrocyanosis (Fig 217), 
and m patients with Raynaud's disease between the attacks 

Results op Sympathectomy — (1) Raynaud's Disease — In thiB disease 
sympathectomy often produces temporary benefit, but the lasting improve- 
ment is less spectacular Various explanations have been offered for these 
somewhat disappointing results Lewis suggests that the disease is due to 
a primary disorder of the vessel wall of a progressive character , under these 
circumstances the most that can be hoped for is that the frequency and 
intensity of the attacks of vascular spasm will be diminished In some cases 
regeneration of the sympathetic fibres (as shown by return of reflex vaso- 
dilatation and sweating) is a factor 

(2) Thromboangiitis Obliterans 1 — In this disease, organic changes in the 
mam arteries of the legs lead to partial occlusion of the lumen and a decreased 
blood flow to the distal part of the limbs The patient complains mainly of 
the results of relative ischaemia of the muscles during walking (- intermittent 
claudication, p 751) , in addition, there may be trophic changes in the skm 
from inadequate blood supply Sympathectomy cannot increase the l um en of 
the affected large vessels, but it may help m another way The blood supply 
to the distal parts of the limb is kept up in this disease mamly by way of a 
collateral circulation from the normal vessels above the block Sympathec- 
tomy by dilating arterioles might improve such collateral circulation , it also 
relaxes the skm vessels and to a less extent the muscle vessels Examination 
by methods (l) to (iv) supra will show how much improvement in skm (Fig 217) 
and especially m muscle flow is likely to follow sympathectomy A few selected 
cases have benefited from the operation 2 
1 Also called Buerger's disease 

* Cf Ascroft, Brit J Surg , 1937, 24, 787 , Brit med J , 1937, u, 173 
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IV 

RESPIRATION 1 

GENERAL CONSIDERATIONS 2 

Subdivisions of Lung Volume 3 (Fig 268) —(1) Tidal Air (j resting tidal 
volume) is the volume of air breathed m or out of the lungs with every quiet 
respiration The normal range is 350-500 c c 

(2) Complementary Air ( inspiratory capacity) is the volume of air that 
can be taken in after a normal expiration by a maximum inspiratory effort , 
it includes the tidal air Its volume is 2000 to over 3500 c c 

(3) Reserve Air ( expiratory reserve volume) is the largest volume of air 
that can be expired after a normal expiration The average is about 1500 c c 

(4) Vital Capacity 4 is determined by measuring the maximum volume 
of air that can be expired after a maximal inspiration , the range is 3500 
to over 5000 c c It is the deepest breath that we can take, and is about 
eight times as great as the normal-sized breath The vital capacity varies 
with the size of the individual and the use to which he has put his respiratory 
apparatus It is related to the surface area , it amounts to 2 6 litres per 
square metre of surface m a male, and 2 1 litres per square metre m a 
female (on the average) Most normal people have a vital capacity within 
10% of these values Vital capacity is affected by the following factors 

(i) The development and power of the respiratory muscles it is increased 
in athletes, especially those who use their respiratory apparatus vigorously, 
e g swimmers or divers , it is increased by practice , it is decreased in general 
physical weakness (e g by 20-30%) and in older people 

(n) The integrity of the respiratory centre, its descending tracts, the related 
spinal motor neurones and the respiratory muscles the vital capacity is 
therefore decreased when the respiratory centre is depressed by narcotics , 
m injuries to the spmal cord, eg trans-section m the cervical or thoracic 
region, destruction of spmal motor neurones (cells or efferent fibres), eg 
m poliomyelitis, ventral nerve root lesions, avulsion of the phrenic nerves , 
and m disorders of the muscles, e g myasthenia gravis or therapeutic 
curanzation 

(m) Patency of respiratory pathways the vital capacity is decreased 
by obstruction of the larynx, trachea, bronchi or bronchioles 

(iv) The volume of blood m the lungs (cf p 307) vital capacity is greater 
m the standing than m the sitting or recumbent position partly because of 
the decreased pulmonary blood volume In congestive heart failure the vital 

1 See Haldane and Pnestley, Respiration, New Haven, new edn , 1935 For methods, 
see Douglas and Pnestley, Human Physiology, Oxford, 3rd edn , 1948 , Peters and Van 
Slyke, Quantitative Clinical Chemistry, Methods, London, 1932 

! Miller, The Lung, Springfield, 111 , 1937 

3 For terminology, see Fed Proc , 1950, 9, 602 

4 Hurtado and Boiler, J chn Inveshg , 1933, 12, 793 
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capacity is decreased proportionately to the degree of pulmonary congestion 

(and oedema) (Cf also Fig 211 ) . , ~ i j 

(v) Space-occupying lesions of the thorax, eg pleural effusion, closed 
pneumothorax (cf p 371) or tumours, which reduce to some extent the 
maximal air entry into the lungs In patients with open pneumothorax 
the vital capacity is further reduced because air enters via the opening in 
the chest wall as well as by the normal path (p 368) 

(vi) Disease of the lung substance, e g fibrosis or pulmonary tuberculosis, 
which interfere with its expansion There is also a marked reduction of vital 
capacity in emphysema The explanation is not clear it has been attributed 
to decreased lung elasticity, which impairs the efficiency of expiration, or to 
fixation of the costo-sternal junctions, which interferes with the respiratory 
movements of the ribs (p 459) 

(vn) (Edema of the lungs, which results from many causes (p 116) decreases 
vital capacity partly because the fluid replaces air and partly because the 
respired air and fluid are beaten up mto a froth which mechanically hinders 
the flow of air to and from the lungs 

(viu) Abnormalities of the bony thoracic cage for example, deformities 
of the vertebral column, sternum or ribs, or fixation of the costo-sternal or 
costo-vertebral joints reduce vital capacity 

(ix) The respiratory movements and vital capacity may be reduced by 
pam ( e g of pleurisy or of some abdominal disorder), or hampered mechanically 
by an mcrease in the mtra-abdommal contents due, eg to pregnancy, tumour, 
ascites or flatus 

(x) In exophthalmic goitre thevital capacity is reducedfor an unknown reason 

Relation of vital capacity to dyspnoea — As the depth of breathing approaches 

the vital capacity subjective feelings of discomfort ( dyspnoea ) develop 
Patients with reduced vital capacity consequently become breathless on 
exertion more readily than normal people (cf p 455) 

On an average there is a fairly satisfactory relationship between the 
clinical estimate of respiratory efficiency and the degree of reduction of the 
vital capacity But some patients who have extensive pulmonary disease 
may show a vital capacity which is within normal limits , significance can 
therefore only be attached to a low value for the vital capacity 

(5) Residual Air (or Volume) is the air which remains m the lungs 
after a maximal expiration , it can “only be expelled by opening the chest 
widely and allowing the lungs to collapse The average volume m adults 
is 1500 c c The functional residual air (or capacity ) is the volume of air left 
m the lungs after a normal expiration It is roughly" equal m volume to 
that of the alveolar air (infra) 

(6) Total Lung Volume (or capacity) is the sum of the residual air and 
the vital capacity , on an average it is 5500 c c 

(7) Alveolar Air — As the bronchioles branch and become smaller 
their columnar ciliated epithelium becomes modified into a cubical epithelium 
The terminal branches are called respiratory bronchioles (Fig 218), because 
m Places the normal bronchial wall is replaced by patches of thm flattened 
cells through which gaseous interchanges can take place Each respiratory 
bronchiole leads mto an expansion, the vestibule, from which arise several 
passages the atria Each atrium leads mto two or three air-sacs (infundi- 
bula) , the walls of the air-sacs are studded with minute evaginations, the 
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alveoli The alveoli are lined by large, thin, flattened cells, but m places 
clumps of cubical granular cells are seen External to the lining epithelium 
are yellow elastic fibres and numerous thm-walled blood vessels The term, 
alveolar air, does not refer to the air which is present m the anatomical 
alveoli, but is used to describe the air m the depths of the lung which is more 
or less m contact with the respiratory epithelium, and can thus carry out gaseous 
interchanges with the blood Alveolar air is a physiological and not an anatomi- 
cal entity It is approximately equivalent to the “ functional residual air,” 
i e the sum of the reserve air and the residual air , the average volume is 
about 3000 c c 

A sample of alveolar air can be collected by the method of Haldane and 

Priestley A rapid maximal expiration is 
made down a narrow tube about 4 feet long, 
and a sample is obtained of the air which 
is expelled last from the lungs By this 
means the air m the mouth, pharynx, and 
air passages (the dead-Bpace air, infra) is 
driven out and alveolar air from the depths 
of the lung is collected , it is analysed with 
the Haldane gas analysis apparatus The 
composition of alveolar air is C0 2 4 7-6 4% 
(average 5 6%), oxygen about 14%, nitrogen 
80% , it is saturated with water vapour at 
body temperature The average tension (or 
pressure) of alveolar C0 2 is 40 mm Hg , that 
of alveolar oxygen is 100 mm Hg 

The tension of the gaBes in alveolar air 
is calculated from the percentage composition 
thus the total pressure exerted by all the 
gases in alveolar air is equal to atmospheric 
pressure {eg 760 mm Hg) Alveolar air is 
saturated with water vapour at 37° C which 
exerts a pressure of 47 mm Hg , the 
pressure of the dry gases (C0 2 , 0 2 , N 2 ) is consequently 760—47=713 mm 

The average tension of CO s is therefore x 713=40 mm , that of 0 2 is 
~ x 713=100 mm 

The breathing is normally adjusted to maintain a fairly constant com- 
position of the alveolar air, because the alveolar air regulates the tension of the 
gases m the arterial blood Enough fresh air has to be introduced into the 
alveoli to replace the oxygen taken up by the blood, and to get rid of the 
C0 2 which has come out of the blood The venous blood which arrives at the 
lungs gives off C0 2 and takes up oxygen until it comes into equibbrium with 
the air in the alveoli The tensions of the gases m arterial blood are therefore 
normally about equal to those m alveolar air The arterial gas tensions can 
thus be approximately deduced if the alveolar gas tensions are Inown, so long as 
the pulmonary epithelium is normal m character 

(8) Dead-Space Air is found m the air passages, i e the nasopharynx, 
trachea, bronchi It does not come into contact with the pulmonary 



Fro 218 — Diagram of Termina- 
tion of Respiratory Bronchiole 

b = Respiratory bronchiole , e—Vestl 
bule, a = Atrium , *— Air sac 

e=AIveoIUB (After Miller ) 
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epithelium and carries out no interchanges with the blood Expired air is a 
mixture of dead-space air (which is identical m composition with inspired 
air) and of alveolar air The volume of the dead space can be calculated if 
the composition of inspired, expired, and alveolar air and the volume of the 

tidal air are known 1 

The formula usually used ib 


Dead Space = 

Tidal air x (CO,% in alveolar air— C0 2 % m expired air ) 

' C0 2 % in alveolar air 

It is probable that the anatomical dead space— m other words, the actual 
capacity of the respiratory passages — alters little m different clinical condi- 
tions and is affected only by constriction or dilatation of the bronchioles 
Calculated in the manner described above, the dead space usually amounts 
to about 150 c c and constitutes 25-30% of the tidal air 

Air Movements during Respiration — During inspiration the size of 
the thoracic cavity is increased The air in the depths of the lungs follows 
the outward movement of the chest wall Ab the capacity of the lungs 
is increased, first the dead-space air and, later, the fresh air from outside 
enter the depths of the lungs One must imagine an interface between 
the air previously present in the alveoh, and that which has newly entered, 
across which gaseous interchange occurs The newly inspired air does not 
come directly into contact with the pulmonary epithelium The inspired 
air during quiet breathing amounts to only one-seventh of the air permanently 
present in the lungs The alteration ‘produced m the alveolar air by the fresh 
air breathed just compensates for the interchanges which are taking place between 
the alveolar air and the pulmonary blood The efficiency with which the tidal 
air “ washes ” the alveolar air depends to a considerable degree on the 
amplitude of breathing If the depth of the breathing were reduced to the 
size of the dead space no ventilation of alveoh would take place at all 

Laws of Gases 2 — (1) At constant temperature, the volume (V) occupied 
by a gas is inversely proportional to the pressure (P) (PV = constant ) 

(2) At constant pressure, the volume of a gas is proportional to the absolute 
temperature (0° 0 is 273° on the absolute temperature scale) 

(3) The partial pressure or tension of a gas, m a mixture of gases having 
no action on one another, is equal to that which the particular gas would 
exert did it alone take up the space occupied by the mixture , m other words, 
in a mixture -of gases at a certain pressure, the total pressure is divided 
between the different gases m proportion to their relative volumes 

1 This is shown by the following example 

Volume of tidal air=600 c c C0 2 content per cent of inspired air=0 , of expired 
air=4 0 , of alveolar air=6 0 Let x=vol of dead space 
Amount of alveolar air in c c present m expired air is 500— a: 

Volume of CO a in c c in expired air=vol of CO s m dead space+vol of CO, in 
exhaled alveolar air 
Substituting 

500 x 4=xx 0-H500— x)x 6 
100 100 
2000=3000— 6x 
6x=1000 c c 
x— 166 o c 

1 Crookford and Knight, Physical Chemistry, N Y , 1950 
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(4) The amount of gas going into solution m a liquid which has no chemical 
attraction for the gas depends on its solubility and is proportional to the 
partial pressure of the gas 

The solubility of the respiratory gases m c c per 100 c c of water, 
plasma, and blood at 38° C and 760 mm Eg pressure is as follows 



Wateb 

Plasma 

Blood 

Oxygen 

2 37 

2 30 

2 30 

Nitrogen 

1 20 

1 20 v 

1 10 

CO, 

55 5 

54 J 

64 1 


Note that the solubility is diminished by the presence of salts m plasma 
and blood, and that C0 2 is far more soluble than either 0 2 or N 2 

Tension of a Gas in a Liquid — The meaning of this expression is a 
little difficult to grasp and is best illustrated as follows if a liquid is exposed 
for a sufficient length of time to a certain pressure (tension) of a gas, eg 
if water is exposed to a pressure of C0 2 of 40 mm Hg, the molecules of the 
gas (C0 2 ) pass into solution in the liquid until equilibrium is reached, the 
tension of the gas (C0 2 ) dissolved in the water is then the same as the 
tension of the gas outside, i e it is 40 mm Hg One must picture the dis- 
solved molecules of the gas as having been “ bottled ” m the liquid under 
pressure, and that these molecules are “ trying ” to escape from the liquid 
with a pressure equal to that with which they were driven m If the liquid 
is exposed to a higher C0 2 pressure, eg 46 mm Hg, more C0 2 passes into 
solution , if to a lower pressure, eg 35 mm Hg, CO, leaves the solution , if 
to the same pressure (40 mm Hg) no loss or gam of C0 2 takes place Two 
gases may be dissolved in a liquid at the same tension and yet the volumes 
m solution may be very different, depending on the respective solubility 
of the gases Thus (at 38° C ) 100 c’k water which are exposed to a C0 2 
pressure of 40 mm hold about 25 cc C0 2 m solution , but exposed to the 
same pressure of 0 2 , only about 0 12 c c of oxygen passes into solution 
(though the tension of the two gases m the water is exactly the same) The 
tension of a gas m a fluid may be determined by exposing it to various gas 
mixtures of different compositions, and finding with which it is m equili- 
brium, * e when no gas is given off or taken up Krogh’s method (p 367) 
may be employed m experiments on the blood of animals 

Gaseous Interchanges in the Lungs — The gaseous interchange 
between the alveoli (air-sacs) and the pulmonary capillary blood depends 
entirely on the physical process of diffusion, i e on the difference of gas 
pressures in the blood and the alveolar air There is no active intervention 
(so-called gas secretion) by the pulmonary epithelium The velocity of 
gaseous exchange between the lungs and the blood depends on (i) pressure 
difference, (u) solubility of the gas in blood, (m) the properties of the membrane 
Pressure gradient x solubility of gas ^ 

Velocity of exchange = ^density of gas * 

0 139 x area of lung surface 
where K. = ^gj^ggg 0 f l un g membrane 
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GAS PRESSURES IN BLOOD 

The pressure gradient in the case of C0 2 is one-tenth that of 0 2 , the density 
of CO, is 44 compared with 32 for 0 2 , but C0 2 is about twenty-five times as 
soluble as 0 2 C0„ therefore, diffuses out into the alveoli more quickly than 

0 2 diffuses into the blood in spite of the disparity in the pressure gradients 
for the two gases 

The area of the lung surface is assessed at 55-70 sq metres , the surface 
area of the pulmonary capillaries is said to be 40 sq metres , the volume of 
blood present at any moment in the capillaries is about 60 c c An extremely 
fine stream of blood presenting an enormous surface and flowing through 
very short capillaries m less than 1 second (p 307) is thus exposed to the 
alveolar air and is separated from it by two very thin membranes, i e the 
pulmonary epithelium and the capillary endothelium 

Determination of Gas Pressures in Arterial and Mixed Yenous 
Blood — By means of Krogh’s aerotonometer the tension of the gases m arterial 
and venous blood can be determined m experimental animals A cannula 
is introduced into the pulmonary artery or into a systemic vessel The blood 
to be examined is then allowed to play for many minutes on a small air bubble 
m the apparatus until equilibrium is established As the volume of the gas 
bubble is small and that of the blood which comes in contact with it is very 
large, the gases m the bubble come into equilibrium with the gases in the 
blood The bubble is analysed, the gas tensions m it are calculated, and thus 
the blood-gas tensions are determmed 

In man the gas tensions in the mixed venous blood, i e that m the right 
heart or pulmonary artery, may be determined directly by collecting a 
sample of blood from the right auricle (p 279) Arterial blood may be taken 
directly from a peripheral artery like the radial mto a special syringe , a 
gas bubble is then introduced mto the blood m the apparatus and allowed to 
remain in contact with it until equilibrium is established , the bubble is 
then analysed 

The following Table shows the average results which are obtained 



O, Tension. 

CO, Tension 

Alveolar air 

Mixed venous blood (at rest) 

Arterial blood 

100 mm Hg 

40 mm „ 
100 mm „ 

40 mm Hg 

46 mm ,, 

40 mm „ 


The differences m gas tension between alveolar air and blood are such as 
enable gaseous interchange to take place by diffusion, % e difference of gas 
tension on the two sides of the pulmonary epithelium The oxygen tension 
m alveolar air is about 100 mm Hg, m venous blood it is 40 mm Hg, i e 
there is a difference of pressure of over 60 mm Hg on the two sides of the 
membrane The corresponding C0 2 tensions are 40 mm and 46 mm , the 
difference of pressure in this case is quite small, only 6 mm Hg As C0 2 
P^ 3 ® e ^ ver 7 readily through the pulmonary epithelium, it can be calculated 
that this small difference of tension is sufficient to eliminate from the body 
about 10 litres of C0 2 per minute A difference of C0 2 tension across the 
J??S / ^embrane of 0 12 mm Hg is sufficient to enable the resting output of 
vOj (200-250 c c per minute) to take place 




368 


INTRAPLEURAL PRESSURE 


Intrapleural Pressure 1 — The intrapleural space is very small m the 
living ammal, as the visceral and parietal layers of the pleura are practically 
in contact The pressure in the pleural cavity is subatmosphenc , it is 
—5 mm Hg ( i e 5*mm less than atmospheric) during expiration and —10 mm 
Hg during inspiration The pressure in the lungs is about 1 atmosphere, aB 
they are in free communication with the outside air The full mtrapulmonary 
pressure is not transmitted to the pleural cavity, however, owing to the 
elastic recoil of the lungs (Pig 219) The more the lungs are stretched, the 
greater is their tendency to recoil Consequently, the more the lungs are 
distended by a deep inspiration, the more subatmosphenc ( i e more negative) 
does the pressure in the pleural cavity become As previously pointed out 
(p 275), the negative intrapleural pressure aids the venous return to the 

chest If the chest wall is widely opened, 
air enters the pleural cavity and the lungs 
collapse ( vide infra ) 

Pneumothorax 2 — By pneumothorax 
is meant the presence of air (or other gas) 
in the pleural cavity A pneumothorax 
may be (i) open, when air can pass freely 
in and out of the pleural cavity through 
an opening m the chest wall or m the lung 
itself , (n) closed, when the air is im- 
prisoned m the pleural cavity, (m) valve 
type, when air enters freely (during in- 
spiration) but cannot pass out (during 
expiration) 

Experimental Open Pneumothorax 
— In some ammal species, eg dog, the 
mediastinal structures possess negligible 
resistance — they are not rigid and unyield- 
ing , the pressures in both pleural cavities 
are consequently always the same within 
practical limits Thus, m the dog, when a 
hole is made m the chest wall, air enters the 
pleural cavity on that side, the mcreased 
pressure is readily transmitted to the opposite side too, and there is an equal 
rise of pressure on the two sides The response to this hindrance to breathing 
consists of an increase in the depth of respiration These points are well 
illustrated m Fig 220 An opening m the left pleura was made at the point 
indicated by the first arrow Immediately after, there is a change of pressure 
m both pleural cavities, from one which is wholly negative (during both 
phases of respiration) to one which is mostly positive Respiration is mcreased 
in amplitude and slower , m spite of the larger chest movements very httle 
air enters the lungs, and the tracheal pressure is practical ly steady at the 
atmospheric pressure hue On closmg the opemng (second arrow) there is 
an immediate response in both pleural cavities with restoration to a large 
extent of the negative pressure More air now enters the lungs, as is 

1 Prinzmetal and Kountz, Medicine, 1935, 14, 457 

: Graham and Bell, Amer J med Set , 1918, 156, 850 Christie and Molntosh, Quart 
J Med , 1938, 5, 445 Alexander, CoOapte Therapy, London, 1937 



Pig 219 — Mode of Production of 
Negative Intrapleural Pressure 
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shown by the larger tracheal pressure oscillations Breathing still remains 
bIo’w 

It is obvious that under the experimental conditions described, when the 


thorax is enlarged during inspiration, aiT 
will enter by both available inlets, i e the 
glottis and the new opening in the chest 
wall It must be remembered that the 
elasticity of the lung and the frictional 
resistance m the air passages always 
impede the entry of air into the lungs , 
if the artificial opening is big enough, 
practically no air enters the lungs even 
when the breathing becomes maximal m 
depth , instead, all the air enters by the 
pneumothorax opemng, and death from 
asphyxia rapidly supervenes The smaller 
the new opemng and the greater the 
compensatory increase in breathing, the 
more likely is air to enter the lungs 
Graham has calculated (on the unproven 
assumption that conditions in man are the 
same as m the dog) that in a person who 
could increase his tidal air to a vital 
capacity of say 3500 c c , the largest size 
of opemng in the chest compatible with 
life is 5 X 10 cm (area of glottis is 2 25 
square cm ) , m other words, just enough 
air could be introduced into the lungs 
under these circumstances to ward off 
asphyxia, but only for a short time (cf 
p 370) 

Open pneumothorax involves further 
comphcations (l) constant risk of in- 
fection of the exposed lung , (n) rapid 
heat loss — the temperature of an animal 
with an open pneumothorax may fall 
by 3 5° F m 45 minutes, while if the 
abdomen is opened and the intestines 
are drawn out, the temperature only falls 
by 1 F m the same period , (in) as the 
mediastinal structures flap from one side 


Fig 220 — Acute Experimental Open Pneumo 
thorax (After Graham and Bell, Artier 
J med Sn 1918 ) 


Anesthesia Records from above dowi 
?h? re , rc3pi f ator y movements, tracheal pressur 
Th« wi ,I EI f ! ! Pressure, right intrapleural pressur 
atnLrfv !lna on each record represents tl 
seconi? 1)0 pressure leveI Ttale ttt bottom 1 
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to the other with inspiration and expiration, the heart's action may be 
impeded 

When an open pneumothorax is converted into a closed one, immediate 
and striking relief is obtained (Fig 220) This is not due to absorption of the 
air (though this does occur gradually into the blood), because the improve- 
ment is so very rapid m onset The explanation is that now, when the chest is 
enlarged during inspiration, the additional space made available is taken up 
i by air which enters the lungs only , asphyxia now occurs only when so much 
chest space is taken up by the pneumothorax that the mini mum air require- 
ment cannot eniei the Jungs 

Pneumothorax in Man 1 — It is believed that the normal mediastinal 
structures in man (as in dog) possess httle resistance, with the result that 
the pressure m both pleural cavities tends to be approximately the same 
But if the mediastinum is diseased it becomes much more resistant and 
unyielding , picssuio changes aie then not necessanly transmitted readily 
from one pleural cavity to the other There appear to be no observations 
in man as to vhat happens to the pleural pressure on the intact side m cases 
of traumatic open pneuinothoiax The pressure m the open pleural cavity 
is of course atmospheric , in the mtact cavity it is probably subatmospheric 
to a degree which depends on the state of the medias tinum Under these 
conditions the chest cavity may be regarded as divided into two distinct 
compartments which function largely independently one of the other As 
the pressure m the pleural cavity and that inside the lung on the affected side 
are both atmospheric, the lung on that side collapses by virtue of its own 
elasticity During mspiiation, the enlargement of the intact half of the 
thoiacic cavity leads to noimal expansion of the lung on that side, the 
enlaigement of the chest on the affected side leads to air being aspirated into 
the open pleural cavity from the exterior, the lung on that side remaming 
collapsed, no air entenng it fiom the trachea During expiration some of 
the air expelled (at slightly positive pressure) from the normal side may pass 
into, and slightly expand, the collapsed lung, this air being sucked out again 
duimg inspiration The mediastinal structures swmg from side to side with the 
phases o( respiration , as a result there is periodic kinking of the tlnn- walled 
gieat veins, resulting m mtcileience with the venous return and decrease in 
the cardiac output Compensation is effected by roughly doubhng the 
amplitude of the movements of the chest wall and so doubling the ventilation 
of the normally functioning lung which makes up for the loss of the affected 
lung The increased pulmonary ventilation is partly brought about by the 
combined action of anoxia and C0 2 accumulation , m addition afferent 
impulses pass up from the collapsed lung along the vagus nerve reflexly 
stimulating the respiratory centre (p 457) If the circulation through the 
collapsed lung is blocked and the whole right ventricular output passes 
through the ventilated lung then arterialization of the blood may be normal 
so long as the eflectne pulmonary ventilation is adequate, to the extent, 
however, that any circulation continues through the collapsed lung, the 
venous blood is shunted unchanged from the right to the left heart leading 
to anoxic anoxia and CO, retention, which intensify the respiratory distress 
(cf p US) Closure of the opening in the chest wall relieves the symptoms 
for the reasons explained above 

1 Sauerbrnch and O’Shanghnessy, Thoracic Surgery, London, 1937 
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In vahulai pneumothorax the pressure on the affected side may rise as 
high as +20 mm Hg Under these conditions the mediastinum is markedly 
displaced and presumably the pressure in the intact pleural cavity is raised , 
the capacity of the chest cavity on that side is decreased An even greater 
effort is needed to ventilate the intact lung adequately for bodily needs The 
raised intrapleural pressure combined with the mediastinal displacement 
probably reduces the blood flow m the great veins and the filling of the 
auricles, thus leading to a diminished pulmonary blood flow and a decreased 
systemic cardiac output Because of these additional complications great 
respiratory distress is experienced , there is marked cyanosis and the visible 
veins are greatly engorged Marked relief is experienced when the imprisoned 
an is withdrawn to lower the intrapleural pressure 

In closed pneumothorax such symptoms as may be present are due mainly 
to the collapse of the affected lung (p 448) But during inspiration the 
enlargement of the chest cavity leads to an equivalent volume of air being 
drawn into the lungs so that adequate artenalization of the blood may often 
be effected 

Absorption of Gas from Pneumothorax — Gases are frequently intro- 
duced into the pleural cavity to cause partial collapse of the lungs as a 
therapeutic measure m certain forms of pulmonary tuberculosis , the con- 
dition produced is called an artificial pneumothorax As there is no opening 
in the chest wall, large volumes of gas can be thus introduced without causmg 
any distress (p 370) , the gas (usually air) is always slowly and finally com- 
pletely absorbed into the blood The visceral layer of the pleura is permeable 
to the respiratory gases (0 2 , C0 2 , and N 2 ) , gaseous interchange occurs 
between the gas m the pleura and the venous blood m the pulmonary capil- 
laries to estabhsh pressure equilibrium on the two sides of the membrane 
The pressure of the pneumothorax gases is about atmospheric (7 60 mm Hg) , 
the total pressure of all the gases in arterial blood is also atmospheric as it is 
m pressure equilibrium with the gases in the alveolar air , the total gas 
pressure m the venous lilood is, however, substantially less than atmospheric 
(and therefore less than that in the pneumothorax) because it has suffered a 
large fall of oxygen pressure, but has only received a small increase in C0 2 
pressure This is shown m the following table (pressures in mm Hg) 


Pressures 

Arterial Blood 
in mm Hg 

Venous Blood 
in mm Hg 

Total 

760 

706 

Water vapour 

47 

47 

Dry gases 

713 

669 

Oxygen 

100 

40 

Carbon dioxide 

40 

4ft 

Nitrogen 

673 

573 


As a result, gaseous diffusion takes place from the pneumothorax into 
e pulmonary venous blood until complete absorption occurs 
i A? Practice, when an artificial pneumothorax is produced therapeutically, 
f ,, 400 c c air are mjected on the first occasion , second and third “ refills ” 
oi the same amount are made after two and three days respectively Later, 
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larger amounts (about 700 c c ) are injected at longer intervals (every two 
or three weeks) If the visceral pleura is thickened as a result of infl a mm atory 
change it becomes impermeable to gases, and the pneumothorax cannot be 
absorbed If the lung is fibrosed and cannot expand, only a small initial 
absorption of gas occurs, as the lungs cannot enlarge to fill the space provided 
and thus restore the pleural pressure to its original value 

Determination of Gaseous Metabolism — It is possible by means of 
simple respiratory methods to determine the oxygen consumption, the CO t 
output , the respiratory quotient , and the metabolic rate under various conditions 
of health and disease A mouthpiece with two smtably arranged valves is 
employed , atmospheric air is breathed m through one, and the expired air is 
breathed out through the other A large canvas Douglas bag of 100 litres 
capacity or more is connected to the expiratory side of the mouthpiece, and 
expired air is collected for a smtable time, usually 5 minutes The volume of 
the expired air is found bypassing it through a special gas meter (spirometer), 
and its composition is determined by analysing a sample m the Haldane gas 
analysis apparatus This apparatus consists of a 10 c c graduated burette 
(into which the gas sample is introduced) connected to two bulbs — one con- 
taining potash for the absorption of C0 2 and the other alkaline pyrogallol to 
absorb 0 2 The initial volume of the sample is read off on the burette (e g 
10 c c ) and the decrease m volume observed which results from the successive 
absorption of CO s and 0 2 The percentage amount of these gases in the sample 
is thus determined [The Haldane gas apparatus is used for the analysis of 
any smtable gas mixture — e g inspired, expired, or alveolar air ] From the 
data thus obtained the C0 2 output and 0 2 consumption per minute may be 
determined thus 

Pulmonary ventilation per minute (from spirometer readings reduced to 
N T P) = 5 htres 

Inspired air 0 2 = 21 , C0 2 = 0 per 100 c c 

Expired air (from analysis of sample) 0 2 = 16, C0 2 = 4 per 100 c c 

For every 100 cc air respired C0 2 given out is 4—0 = 4 cc , 0 2 
absorbed is 21 — 16 = 5 c c As the minute ventilation is 5 000 c c 

0 2 consumed is 250 c c , C0 2 output is 200 c c per minute 1 

The 0 2 consumption can be determined directly by means of the Benedict- 
Roth apparatus (p 375) 

Respiratory Quotient 2 — The respiratory quotient (EQ) is the ratio of 
the volume of GO z evolved from the lungs/ the volume of 0 2 absorbed from the 
lungs in a given time 

In, the above example it is 250”® ® 

The respiratory exchanges and the R Q can thus be determined under 
varying conditions of diet, health, and disease Two additional points should 
be stressed 

(1) It is difficult to determine the R Q accurately m untrained subjects 
because they almost invariably overventilate as soon as they begin to breathe 

1 For full details of calculation which are given m a simplified and not entirely exact 
form m the text, see Douglas and Priestley, Human Physiology, 3rd edn , Oxford, 1948 

2 Riohardson, Physiol Rtv , 1929, 9, 61 
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through valves , they thus eliminate more C0 2 than normally and so yield 
a misleading high R Q value It is desirable that a preliminary practice 
period of 15 min utes breathing through the valves should precede the actual 
determination 

( 11 ) The R Q is only a ratio if the 0 2 consumption or C0 2 output are 
equally increased or decreased the R Q is unaltered Thus if the ventilation 
is increased because of an increase in metabolism {eg m exophthalmic goitre) 
the R Q is not necessarily altered, because both 0 2 consumption and C0 2 
^output rise The R Q would change only if there was some other associated 
'change, e g in the food mixture used by the body, or in the blood reaction 
The respiratory quotient has been intensively studied m many conditions 
m health and disease and the mam results are summarized below , but it 
must be confessed that the respiratory quotient frequently giveB no informa- 
tion about metabolic processes in the body , on the contrary, a knowledge 
of the metabolic processes taking place is generally necessary to interpret the 
R Q Furthermore the R Q throws no light on the stages of intermediate 
metabolism 

(1) Effect of Combustion of Foodstuffs, Intermediate Meta- 
bolism and Diet — If pure foodstuffs are burnt in a bomb calorimeter their 
respiratory quotient can be measured directly 
(l) With pure carbohydrate it is 1 • 

C 6 H 12 0 6 +60 2 =6C0 2 +6H 2 0 

i e the volume of C0 2 evolved is equal to the volume of oxygen used 
(n) With the fatty acids derived from food fat the R Q is about 0 7 

C 1V H 35 C00H+260 2 =18C0 2 +18H 2 0 
R Q =18/26=0 693 


Fat contains very little oxygen which must consequently be provided 
m sufficient amount to oxidize both the hydrogen and the carbon of the fat 
molecule 

(m) With pure protem it is about 0 8 

It may be safely assumed that when fat or carbohydrate is completely 
combusted in the body the R Q is still 0 7 or 1 0 respectively, whatever the inter- 
mediate stages through which the foodstuff passes This fact is illustrated by 
the following example Let us suppose that food fat or reserve fat is converted 
m the body to carbohydrate which is then combusted The reactions involved 
in these transformations can be crudely summarized as follows 


(а) C 18 H 36 0 2 +80 2 =3 C g H 12 0 6 

stearic acid glucose 

(б) 3C 6 H 12 0 g +180 2 =18C0 2 +18H 2 0 

Adding the two reactions to get the R Q of the whole process 
(c) C 18 H 3G 0 2 +260 2 =18C0 2 +18H 2 0, 


18 

i e R Q o 693, which is the R Q of the direct complete combustion of 


fat 


, car b°hydrate is converted into fat which is stored and not com- 

busted the reaction can be summarized as follows 

(d) 3C c H 12 0 6 =C 18 H 36 0 2 +80 2 
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0 2 is thus released which is used by the cells for oxidation processes, so 
reducing the 0 2 intake from the lungs without decreasing tissue oxygen 
consumption or CO, formation or elimination The R Q is the ratio of CO, 
output from the lungs/ 0 2 mtake from the lungs , as the denominator (the 
0 2 intake in the lungs) has fallen owing to reaction (d) the R Q value for 
the whole metabolism of the body is raised 

Conversely^ reaction (a) supra while taking place alone involves additional 
uptake of 0 2 in the lungs over and above that needed for oxidation of the 
foodstuffs , m the ratio COg/Oj the denominator is mcreased and so the R Q 
of the whole metabolism of the body is lowered 

It follows therefore that if the R Q is determined from measurements 
extendmg over long continuous periods, the value obtained will approximately 
mdicate the mixture of foodstuffs undergoing oxidation, e g if carbohydrate 
predominantly is being oxidised the R Q will approximate to 1, if fat the R Q 

will be about 0 7 There is a tendency 
also for the tissues normally to utilise 
pref erentially th eJbodstuff most freely 
available/ so~the R Q will tend, to 
^ry—with tEe~composiiion of the 
food The non-mtrcrgenouswesidues'of 
piotem enter the common metabohc 
pool and are then treated essentially 
as intermediates from the oxidation of 
carbohydrate and fat 

The R Q determined over a short 
period will depend on the R Q of the 

Fig 221 -Changes m Respxratory Quo- ^rmediate processes through which 

tient following a Large Meal aU the foodstuffs are passing during 

(Werthessen, Amer J Physiol , 1937, the time Thus rats were given the 

120, 458 ) whole of their daily diet m one meal , 

Rats were given their food for the day in one the R Q subsequently determined at 

meal Note the extensive fluctuations in , y 1 -, . J ~ ^ „ 

it q during the following is hours mtcrv&ls Veined between 0 27 and 1 6 



(Fig 221) 

(2) Diabetes Mellitus — The interpretation of the R Q m diabetes 
nielli tus is considered on p 920 

(3) Alterations in Pulmonary Ventilation — The R Q is affected 
(independently of any change m the nature of foodstuffs oxidised) when, in 
conditions of stable metabolism, the pulmonary ventilation is altered either 
voluntarily or secondarily to a rise of body temperature or to fluctuations m the 
E + ion concentration of the blood (cf Fig 57) Thus 

(l) Voluntary hyperpncea washes out excessive quantities of C0 2 (without 
increase m 0 2 consumption) , the R Q may rise considerably above unity 

(u) In acidsemia from any cause, eg mgeBtion of NH 4 C1, or secretion 
of the alkaline intestinal juices, there is hyperpncea (p 396) with increase 
in C0 2 output but again without corresponding rise m 0 2 consumption , 
the R Q therefore rises The same applies to the hyperpncea of raised body 
temperature (p 478) 

(m) Conversely m alkalaemia, e g from ingestion of NaHCO s , the breathing 
is depressed, C0 2 is retained in the body, and the R Q falls (p 397) 

(4) Violent Exercise — During very violent exercise, lactic acid enters 




METABOLIC RATE 


375 


the blood stream and breaks up the plasma NaHCOg, liberating large addi- 
tional volumes of C0 2 which are eliminated from the lungs , the R Q may 
then exceed 2 During recovery from exercise, C0 2 , which is derived from 
oxidative processes in the muscles, is retained m the blood in large amounts 
to reform the bicarbonate, and the R Q falls to a very low value (p 439) 

The R Q is not affected m a constant manner by model ate exercise because 
there is no acidtemia and roughly the resting mixture of foodstuffs is being 
metabolized (cf p 438) 

Metabolic Rate —From a knowledge of the respiratory exchanges, 
the metabolic rate, i e the energy produced in the body, can be indirectly 
determined It may be assumed for the sake of simplicity that all the 
energy is derived from varying proportions of carbohydrate and fat The 
metabolism of protein, apart from the nitrogenous fraction which is excreted, 
is essentially that of the carbohydrate and fatty acids (or their intermediates) 
derived from the residues 

If different proportions of carbohydrate and fat are burnt m a calorimeter 
with 1 litre of oxygen, it is found that pure carbohydrate (R Q =1) yields 
about 5 Calories, 1 pure fat (R Q =0 7) yields about 4 8 Calories, and various 
mixtures of carbohydrate and fat (R Q between 0 7 and 1) give between 
4 8 and 5 Calories as shown in the Table below 


RQ 

Calones evolved per Litre 
of O a consumed 

0 71 

4 795 

0 75 

4 829 

0 80 

4 876 

0 85 

4 921 

0 9 

4 967 

0 95 

5 012 

1 0 

6 058 


It is assumed, probably unjustifiably, that the R Q values obtained m 
man have a similar significance The R Q being known, the heat value of 
1 litre of oxygen is deduced from the table , if the oxygen consumption is 
also known the heat production can be determined Thus, if the R Q =0 8 
(calorific value per 1 litre 0 2 =4 875), and the 0 2 consumption per minute 
is 0 25 litre, then the heat production per mmute is 0 25 X 4 875= 1 22 Calories 
Clinically the metabolic rate under conditions of complete rest and fasting 
( asal metabolic rate, p 377) is calculated from the oxygen consumption 
a one This is determined most readily by means of the Benedict-Roth 
apparatus which consists essentially of an accurately constructed tank filled 
vn oxygen and suspended m water It is connected by means of tubing 
irough a soda-lime tower to the patient’s mouth (the nose is clipped) The 


bv l«°r one 18 the amount of heat required to raise the temperature of 1 g of water 
DhvRinW.I , mo f° P recise term 13 1 g calone It may be abbreviated to 1 cal [In 
Onl r T ] 28 eometlmes referred to as I small calone ] 

1 b Il™ n m 10 °° calones It may be abbreviated to 1 Cal A more precise term is 
Kg caione [It is sometimes referred to as 1 large oalone ] 
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Fio 222 Benedict-Roth Apparatus for determining the Metaboho Rato (Beaumont and 

Dodds, Recent Advances xn Medicine, Churchill ) 

The arrow* in the diagram show the direction of the flow of air daring respiration 




calorific value of osygen ^^^ntthense in the record In 6 minutes is 78 mm corresponding 

1 cal -7 8 Cal , or 1 S Cal per minute 
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natient rebreathes from the tank , the C0 2 formed is removed by means of 
the soda lime, and the decrease m the volume of oxygen m the tank is a 
direct measure of the oxygen consumption The C0 2 output is not deter- 
mined and the respiratory quotient is assumed to be 0 75 (as the subject is 
fasting), corresponding to an output of 4 82 Calories per litre of oxygen 
consumed (Eigs 222 and 223) 

Basal Metabolic Rate (Basal Metabolism ) 1 — By this is meant the 
energy output of an individual under standardized resting conditions, le at 
complete bodily and psychical rest, 12-18 hours after a meal (post-absorp- 
tive period) and in an equable environmental temperature It can be deter- 
mined by the methods just described Under such conditions a proportion 



metabolism deviation from standard mean % 

Fig 224 — Basal Metabolism m Myxcedema and Exophthalmic Goitre compared with 
group of Normal Individuals (Du Bois, Ann int Med , 1938, 12 ) 

Ordinate percentage frequency for each group 

Abscissa metabolic rate as percentage deviation from accepted normal average standard ( = 0) 

Note that almost all the cases of myxmdcma fall below the normal range , those of exophthalmic go 
(Graves disease) are all above the normal range 


of the energy liberated is used to maintain the activities of vital organs like 
the heart, brain, or glands, but the greater part is converted into heat so as 
to maintain body temperature and prevent it from falling below the normal 
level The basal metabolism is not the lowest possible level to which the 
metabohsm can fall in the subject, it may be lowered further, for example, 
by starvation or thyroid deficiency , it is simply as stated the metabolism 
under standard resting conditions 

Clinically the basal metabolic rate (B M R ) is expressed as a percentage 
above or below the theoretical normal standard for the individual, taking 
into account his age, height, weight, etc (p 378) Thus a BMR of -j-50 
means one which is 50% above the normal average for that person Big 224 
shows that the normal range of metabohsm in people of identical physical 

s , r ma y vary commonly by 4; 10% and rarely even by as much as 

± 20 % 


and Sandlford > Physiol Rev , 1924, 4, 69 Du Bois, Basal Metabolism in 
ni Disease, 3rd edn , Phila , 1936 Peters and Van Slyke, Quantitative Clinical 

0 hcmutry, 2nd edn , vol I, pt i, p 1, 1946 


378 FACTORS INFLUENCING METABOLIC RATE 

Factors influencing Metabolic Rate —(1) Surface Area — The basal 
metabolism is most closely related to the surface area and is less directly 
related to height or weight The surface area can be calculated from 
tbe following formula if the height and weight are known (Du Bois) 
A = W° 125 x H° 725 x 71 84, where A = surface area m sq cm , W = weight m 
kg , and H = height in cm 

In the male 40 Calories, and in the female adult about 37 Calories, are given 
off every hour per square metre of body surface (the surface area of an axerage 
adult is about 1 8 sq metres) , or, expressed in terms of body weight, the 
basal metabobsm amounts to about 1 Calorie per kg per hour The values 
quoted for metabobc rate are average normal values , an average implies 
that higher and lower values occur The range of normal variation was 
referred to above 

(2) Age — The basal metabobsm is considerably greater per sq metre 
of surface m children than in adults , there is a further gradual fall in the 
metabobsm during adult life as age advances These facts are well shown 
in the Table below 


Age 

m years 

.. 

BME m Calories 
per sq metre per hour 

Male 

Female 

2 

57 0 

52 5 

6 

53 0 

50 6 

8 

51 8 

47 0 

10 

48 5 

45 9 

16 

45 7 

38 8 

20 

o 41 4 

36 1 

30 

39 3 

35 7 

40 

38 0 

35 7 

50 

36 7 

34 0 

60 

35 5 

32 6 


Fig 225 shows two BME determinations carried out by Magnus Levy 
(the pioneer investigator m this field) on himself at an interval of 50 years , 
the decrease in his B I R (per hour, per kg per hour and per sq metre per 
hour) is strikingly demonstrated 

(3) Starvation or prolonged undernutrition damps down the metabobc 
rate For example, m a man who had fasted 31 days, the daily basal meta- 
bobsm dimini shed from 958 to 737 Calories per sq metre of surface area— 
a fall of over 20% (p 1048) In poorly nourished patients the reduced body 
weight can finally be maintained on considerably less than the standard 
basal caloric requirements 

(4) Body Temperature — For every rise of 1° F m the internal tempera- 
ture of the body, the basal metabobsm increases by 7% The chemical 
reactions of the body, like those occurring in a test-tube, are speeded up 
by a rise of temperature Thus, a patient suffering from pneumonia with 
a temperature of 105° F (about 7° F above the normal) would have an 
increase of 50% in his metabobsm (and m his pulmonary ventilation) because 
of the fever alone 
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(5) External Temperature — Exposure to cold increases the metabolism , 
there is consequently mcreased heat" "production which helps to maintain the 
normal body temperature (p 480) Exposure to external heat of brief 
duration has little effect on metabohsm, as compensation is effected mainly 
by increasing heat loss , if the exposure is prolonged, a gradual fall m the 
metabolic rate takes place (p 476) 
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Pig 225 A Likeness of Professor Magnus Levy and the Changes m his Basal 
Metabolic Rate after 50 years 


Ihu ^ ■ Ddctless Glands —(i) The active principle of the thyroid gland— 
yroxinc acts as a general catalyst, speeding np the metabohc activities 
ot the tissues (p 977) 

m eE0 PkGialrnic goitre, m which there is mcreased secretion of the 
rase $ an< ^> hasal metabohsm may increase in a severe 

mw«3L™ d ° Ub e ^ he . no , rmal e fche B M R 18 up to + 100 (Fig 224)) In 
a > in which there is lessened Becretion of thyroxine, metabolic 
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activity may be depressed to 60% or 70% of the normal (i e the BME 
is — 30 or — 40 , the last value is about the lowest ever observed clinically 
and represents the minimum metabolic level (Fig 224) 

(n) Adrenaline increases the metabolic rate, but to a less extent than 
thyroxine The injection of 1 mg adrenaline in man increases heat pro- 
duction up to about 20% for a few hours only 

(in) The anterior pituitary influences the metabolic rate indirectly 
through its thyrotrophic hormone 

(7) In certain other conditions there is an increased metabolic rate for no 
very clear reason This is seen in both splenomedullary and lymphatic 

leukaemia, m which the increase may 
be of the same order as that found 
in Graves’ disease A less marked 
increase is found m pernicious 
ancemia and m congestive heart 
failure 

(8) The taking of food stimulates 
metabokBm This effect ib not 
equally marked with all classes of 
foodstuffs, being least with carbo- 
hydrate and fat, and greatest with 
protein If 125 g of protem in the 
form of meat are eaten at one meal, 
the metabolism rises to reach a 
maximum after 3-5 hours and then 
Blowly declines (Fig 226) , the peak 
percentage increase is 10-35% , the 
total increase m metabolism may 
average 20% over a period of 4-6 
hours If carbohydrate and fat are 
eaten in amounts of equal calorific 
value, the metabolism mcreases by 
only 5-10% The more striking 
effect of protem is termed its specific 
dynamic action The increase m 
metabolism is attributed to a stimu- 
lating action on cellular metabolism 
of the fatty acid residues which are 
left after the NH 2 groupings have 
The stimulating action of a carbo- 
hydrate meal is attributed to extra carbohydrate being burnt to provide the 
energy necessary to convert some of the glucose mto a glycogen store , this 
energy is really being stored and not expended because the resulting glycogen 
has a higher chemical energy level than the glucose from which it is derived 
If an ordinary mixed diet is taken, the metabolism is increased by 50-150 

Calories daily ^ , , 

(9) Lastly, and most important, there is an increase m the metabolism 

with muscular work During very violent exercise the oxygen consumption 
per minute may rise from 250 c c to 4 litres, or even more, i e the metabolism 
may increase over 16 times (p 436) 
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Fig 226 — Effect of Ingestion of Protem 
on Metabolic Bate (Specific Dynamic 
Action) m Man (Modified from Abel, 
Amer J med Set , 1943, 205, 417 

The subjects ate a meal containing 125 g of protein 
and 5 g of fat Ordinates show percentage 
increase in metabolic rate The upper and ion er 
dotted lines (N, N) show the upper and lower 
limits of normal responses Curves A, B, C 
show the responses in three normal subjects 

removed from the ammo-acids 
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Artificial Respiration 1 — The methods commonly employed m man 
will first be described , their uses and comparative advantages will then be 

considered , , 

Schafer’s Method — “ The method consists m laying the subject m the 
prone posture, preferably on the ground, with a thick folded garment under- 
neath the chest and epigastrium ” The head is turned to one side “ The 
operator puts himself in a position athwart or at the side of the subject, facing 
his head and kneeling upon one or both knees, and places his hands on each 
side over the lower part of the back just below the ribs ” He then slowly 
throws the weight of his body forward to bear upon his own arms, and thus 
presses upon the loins of the subject and indirectly on the abdominal contents , 
the diaphragm is driven up into the chest, and air is forced out of the lungs 
“ This bemg effected, he gradually relaxes the pressure by bringing his own 
body up again to a more erect position, but without moving the hands , as 
he does this, air is drawn, by the removal of pressure and by their elastic 
reaction, into the lungs The process is repeated quite regularly, and without 
manifest intervals between movements not less often than twelve times a 
minute , it may be done somewhat more rapidly, but fifteen times a minute 
would in any case be sufficient By this means it is easily possible in an 
average man to effect an exchange of fully 6500 c c per minute — an amount 
which is more than enough to maintain complete aeration of the blood ” 
(Schafer) 2 

The prone position which is employed m this method prevents obstruction 
of the airway by mucus or by the falling back of the tongue 

The great merits of Schafer’s method are that it requires no apparatus 
whatever and that the technique is easily learnt 3 

Eve’s Rocking Method — The patient is fixed on a stretcher , the head 
and feet are alternately tilted down to an angle of 45° , 8 or 9 ro clang move- 
ments are carried out per minute The 7 seconds available for each “ respira- 
tion ” should be divided into 4 seconds head down and 3 seconds feet down 
In the head-down position the weight of the abdominal contents drives the 
diaphragm into the chest, producing expiration , m the feet-down position 
the abdominal contents fall away from the diaphragm, promoting inspiration 
The method is easily carried out aboard ship (using a hammock) and is not 
fatiguing , it promotes the venous return and mechanically aids the circulation 
of the blood (p 383) 

The efficacy of these methods of artificial respiration has been determined 
on healthy volunteers who were deeply anesthetized and then shghtly 
overventilated to produce respiratory arrest , an endotracheal tube was 

1 Killick, Cowell, and Crowden, Lancet, 1939, n, 897 

* Schafer, Proc roy Soc Ethn , 1905, 25, 39 

3 It is a matter of deep regret that so few medical men have received any training m how 
to perform the necessary movements with accuracy Boy scouts, ambulance workers, and 
members of the pohce force are usually much better equipped to perform artificial respira- 
tion than doctors , Henderson has said that fives are not infrequently lost by physicians 
interfering with lay people who have been carrying out the emergency measures m an 
ofhcient manner , “ it is easy to order a non-breathing victim of acute asphyxia into an 
ambulance, but he will be dead before he reaches hospital ” It should be an important 
part of every physiological course to practise Schafer’s and the rocking methods of artificial 
respiration and by measuring the tidal air and pulmonary ventilation to demonstrate the 
oihoaoy of the proooduree 
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mtroduced to guarantee a free 
was 

airway The tidal 

air m two subjects 

A 10 Stone 

B 13 Stone 


c c 

c c 

Schafer’s method 

Eve’s method 

340 

530 

On back 30° rock 

240 

570 

45° rock 

380 

635 

On face 30° rock 

340 

725 

45° rock 

580 

850 


The two methods have also been compared experimentally in dogs m 
which respiration was abolished by deep anaesthesia or section of the upper 
cervical spinal cord , in both groups muscle tone, including that of the 
diaphragm, was practically absent (as is the case m asphyxiated human 
subjects) 1 The volume of the tidal air was generally smaller with the Schafer 
method, the mean advantage m favour of the rocking method being 50% 
and most pronounced when the loss of muscle tone was most complete It 
may be concluded that though Schafer’s method is adequate, Eve’s method 
may have advantages over it when a stretcher is available 

Mechanical Methods 2 — (1) Drinker’s Method — This involves the use 
of an airtight tank into which the patient is placed, with the head outside 
Alternative negative and positive pressures are obtained in the tank by 
means of electrically driven pumps, and the effect is to produce movements 
of the chest wall resembling those of normal inspiration and expiration , 
the negative pressure pulls on the chest wall and produces inspiration , the 
positive tank pressure compresses the chest and produces expiration Patients 
with respiratory paralysis following poliomyelitis have been kept alive for 
years in this way 

(2) Bragg-Paul Method — A rubber bag is wrapped round the chest wall 
of the patient , by means of a pump positive pressure is apphed at a given 
frequency to the chest In this method, expiration is the active movement (as 
m Schafer’s method) , when the pressure is released the chest passivelv 
enlarges and air is sucked m 

(3) In respiratory failure m the operating theatre artificial respiration 
can be given from an anaesthetic machine, from a simple pump like the 
Oxford mflator, or by blowing periodically down an inserted endotracheal tube 3 

Whatever method is used it is essential to ensure that the airway is free 

Artificial respiration is called for m man m two types of respiratory 
failure 

(i) In the sudden cessation of breathing due to drowning, inhalation of 
irrespirable or poisonous gases, suicidal and accidental overdoses with 
narcotics, overdosage with anaesthetics or electrocution 

(u) In gradually progressive respiratory failure due to paralysis of 
respiratory muscles, eg m anterior poliomyelitis or diphtheria 

In the chronic group there is usually ample warning of the impending 
disaster, during which time arrangements can be made to use a breathing 

1 Hemingway and Neil, Brit med J , 1944, i, 833 

2 Bourdillon et at , ibid , 1950, n, 539 

3 Electrical stimulation of the phrenic nerves in the neck has been earned out in 
man to produce rhythmic diaphragmatic contraction 
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machine In the acute group not a moment may be lost and tbe treatment 
must be capable of being carried out by tbe first instructed person on tbe 
scene and require tbe use of no more equipment than can be readily im- 
provised almost anywhere There is another fundamental difference between 
the chrome and acute forms of respiratory failure In the former, machine- 
breathing is mstituted while the circulation is functioning normally , if the 
mechanical respiration is efficient no circulatory derangement develops and 
the blood flow to all the organs remains normal In acute asphyxia, on the 
other hand, failure of the circulation and of the central nervous system 
follows rapidly m the tram of respiratory arrest The body is unfortunately 
quite unadapted for dealing with complete or even very severe oxygen lack, 
which “ stops the machine and wrecks the machinery ” m a matter of 
minutes (p 445) Let us consider the sequence of events m drowning, for 
example After one mi nute or so of complete lack of oxygen consciousness is 
lost , within another min ute or two the respiratory centre, which initially 
was stimulated, ceases to function The vasomotor centre is more resistant 
and may maintain vasoconstriction for a little longer, but soon it too fails, 
and full peripheral vasodilatation sets m, with a resulting fall of blood pressure 
to about 40 mm Hg Most important of all, the heart — unhke skeletal or 
smooth muscle — can function normally for only a short time in the absence 
of ox) gen , it has no type of anaerobic metabolism to fall back on The force 
of the heart beat in severe anoxia rapidly weakens and the chambers greatly 
dilate , the output into the blood vessels is reduced to a trickle, and the 
blood flow to the organs almost ceases When fibrillation of the ventricles 
develops the chances of recovery are of the slenderest Acute asphyxia 
thus presents a combination of respiratory, circulatory, and nervous system 
failure with which the treatment employed must cope effectively if it is to 
succeed 

There is complete agreement as to the immediate action which should be 
taken The special conditions of the operating room were mentioned above , 
otherwise the Schafer method should be instituted at once and no time lost 
while preparations are being made for the use of any other method But it 
must be remembered that resuscitation demands more than just effective 
pulmonary ventilation , the oxygen introduced into the lungs must be 
transported by the circulation, especially to the brain, heart, and kidneys 
As only a minimal circulation is present m asphyxiated patients, and life is 
being maintained most precariously, quite small differences m the circulatory 
state produced by the resuscitation technique may be of decisive importance 
It is found experimentally that even with equal degrees of pulmonary 
ventilation the rocking method is associated with a greater cardiac output 
and therefore with a better blood flow to the organs, and with a higher level 
of oxygen consumption, these important advantages are largely due to 
obvious mechanical factors In the head-down phase the venous blood drams 
out i° f legS and abdomen mt0 tbe heart, and the arterial blood flow into 
the head is facilitated During the feet-down position venous blood drains 
out of the head, and the lower part of the body is fed with arterial blood 
though the venous outflow from that region is impeded Some of these 
advantages are lacking m the Schafer method A good case has been made 
out for changing over from the Schafer to the rocking method as soon as 
suitable faculties are available 
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REGULATION OF THE BREATHING 1 

Respiratory Centre — The term respiratory centie is used here to denote 
the grey matter m the pons and upper medulla which is responsible for 

automatic rhythmic respiration The centre so 
defined is subdivided mto an inspiratory centre 
and an expvt atony centre m the medulla and a 
pneumotaxic centre m the upper pons The 
respiratory centre (predominantly its inspiratory 
centre) is teflexhj regulated chiefly by afferent 
vagal impulses from stretch receptors m the 
lungs, by afferents from the chemoreceptors and 
the vascular pressure-receptors and from the 
higher levels of the bram The mspiratory 
centre is extremely sensitive to changes m the 
chemical composition of the blood especially its 
CO 2 tension and H+ ion concentration, and to 
a less extern ds 0 2 tension 

Inspiratory Centre — ( 1 ) The position of 
the inspiratory centre is mapped out by deter- 
mining the region of the medulla which on 
stimulation produces inspiration In the cat 
it extends from just below the upper border of 
the medulla down to the level of the calamus 
scnptonus (Fig 227) It is scattered m the 
medial part of the reticular formation, especially 
in its more ventral part (Figs 228, 229, A) The 
mspiratory centre and its descending path can 
be regarded as an afferent neurone leading to 
spmal motor neurones As with stimulation of 
other afferent excitatory fibres, increased strength 
or frequency of stimulation applied to the mspna- 
tory centre increases the depth of inspiration - 
(u) If the pneumotaxic centre is cut off by 
a trans-section through the lower pons, rhythmic 
breathing continues so long as the vagi are 
mtact If, however, the vagi are also divided, 
the mspiratory centre is said to be “ isolated ” 
The mspiratory centre, when isolated m this 
way, is released from the dual inhibitory control 
of the pneumotaxic centre and the vagi (cf 
pp 386, 38S) In the presence of an adequate CO, and 0 2 tension the 
released mspiratory centre discharges steadily without intermission along 
descending paths to the spmal cord to stimulate the motor neurones supplying 


Fio 227 — Localization of 
Inspiratory and Expira- 
tory Centres (Pitts et 
al , Amer J Physiol , 
1939, 126, 673 ) 

Dorsal view of liram stem (cat) 
with cerebellum removed The 
respiratory centres are pro 
jected on the floor of the 
fourth ventricle 

To avoid o\ erlappmg the expiratory 
centre is shown only on the 
left, and the inspiratory centre 
onlj on the right 

Fig 228 13 a cross section at the 
level shown by the hnes B-B 
Section at le%el T, combined 
with double vagotomj, pro 
duces apneusis The pneumo 
taxic centre thus lies m the 
pons above level T 
I C , inferior colliculus 
B P , brachium pontis (middle 
peduncle) 

B , brachium conjunctivum 
(superior peduncle) 

Cl , first cervical root 
R , restiform bod} (inferior 
peduncle) 

A T , acoustic tubercle 
C N , cuneate nucleus 
G N , gracile nucleus 


1 For general review, see Haldane and Priestley, Pespiration, new edn , Oxford, 1035 
Gray, Pulmonary Ventilation and its Physiological Regulation, Springfield, 111 , 1949, 
Pitts, Magoun, and Kanson, Amer J Physiol , 1939, 126, 673, 689 , 127, 654 Pitts, 
j Neurophysiol , 1942, 5, 75, 403 , 1943, 6, 439 , Physiol Rev , 1946, 26, 609 Stella 
J Physiol , 1938, 93, 10, 263 , 95, 365 
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Fig 228 —Distribution of Inspiratory and Expiratory Centres (Pitts, Amer 
J Physiol , 1941, 234, 192 ) 

* Section through medulla at level B-B, Fig 227 

A. Inspirator} centre 
O# 1 xplratory centre 

CS, Corticospinal (pyramidal) tract , F, Medial longitudinal fasciculus (bundle) H, Hypo* 
glossnl nucleus , I-CN, Lateral cuneate nucleus , MX, Motor nucleun of vagus, 
M, Median lcmniscuB , It Eestiform body SVes Vestibular nucleus V, Spinal 
tract of V 


A 



I lo 229 — Effects of Stimulation of Inspiratory and Expiratory Centres 
(Pitts cl al , Amcr J Physiol , 1939, 126, 673 ) 


Doivn5troV:e ^Inspiration 
Ups trohe = Expiration 
A Stimulation of Inspiratory Centre 
B Stimulation of Expiratory Centre 
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fclie muscles of inspiration A prolonged powerful inspiratory effort ( apneusis ) 
thus develops (Pig 230) which only comes to an end with the resulting anoxia 
becomes sufficiently severe to paralyse the activity of the cells of the centre 
Expiratory Centre — The expiratory centre can be s imi larly mapped 
out by determining the regions of the medulla which on stimulation produce 
expiration (Fig 229, B) The cells of the expiratory centre are intimately 
intermingled with those of the inspiratory centre In the cat they extend 
a little higher up m the medulla (Fig 227) and he more dorsally and more 
laterally m the reticular formation (Fig 228) The descending fibres from 
the expiratory centre stimulate the spinal motor neurones which innervate 

the muscles of expiration It is imposs- 
ible to isolate the expiratory centre so 
as to produce a “ release ” of sustained 
expiratory activity , it is therefore pre- 
sumed that the expiratory centre does not 
discharge spontaneously but only when it 
is appropriately stimulated 

Reciprocal Innervation m Breathing — 
The response to stimulation of the inspira- 
tory and expiratory centres probably 
involves reciprocal mnervation, i e when 
inspiratory spinal motor neurones are 
stimulated the antagonistic expiratory 
spinal motor neurones are reciprocally 
inhibited and vice versa (Fig 235) Simul- 
taneous stimulation of the inspiratory and 
Fro 230 —Spontaneous Discharge expiratory centres leads to algebraic sum- 

matio , n of their mdmdual effects on the 
~ f ^ , . , . , . . . spinal motor neurones 

Cat The brain stem has been divided in r ^ ^ mi » 

the upper pons to cut off the pneu JrNEUMOTAXIC CENTRE — IJlIS Centre IS 

bo°h™gi C ™ r re blocked 0 by^appiica- situated in the upper pons and periodically 

tion of cold As the inspiratory inhibits the inspiratory centre thus con- 
centre is released a powerful, gus- — , , x , , 

tamed inspiration (apneusis) sets m verting its spontaneous continuous ais- 

when the cold block of the vagi was re charge into a rhythmic pattern of discharge 
moved, rhythmic breathing returned o j r o 

(inspiration) and rest (expiration) 

(l) If the vagi are intact, cutting off the pneumotaxic centre still allows 
rhythmic breathing to continue 

(n) If both vagi are cut, a trans-section above the upper border of the 
pons, which spares the pneumotaxic centre, likewise allows rhythmic breathing 
to continue 

(in) If both vagi are cut and the pneumotaxic centre is completely cut off 
by a trans-section through the lower pons, the isolated respiratory centre sets 
up a deep inspiration which only ceases when respiratory failure, from anoxia, 
results If the pneumotaxic centre is partially cut off, shorter bouts of apneusis, 
mterspersed with brief gasps, appear and are repeated till the centre fails 

(Fig 236) , , 

It is suggested that normally when the inspiratory centre discharges 
downwards to the spinal cord, impulses also pass from it along collaterals to 
the pneumotaxic centre which is stimulated to send back inhibitory impulses 
to the ins piratory centre , when this inhibition reaches an adequate level the 
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• 

inspiratory centre ceases to discharge, inspiration stops and expiration sets 
in 1 During expiration the pneumotaxic centre is no longer stimulated and so 
its inhibitory influence on the inspiratory centre is withdrawn , the latter 
centre resumes its spontaneous discharge producing the next inspiration , 
and so the cycle repeats itself The inspiratory and pneumotaxic centres 
form a mutually reacting dosed circuit wliicli converts the steady discharge 
of the inspiratory centre into an alternating pattern of activity and rest 

^ R6ie of the Vagi — (1) Numerous vagal afferent filaments ramify in the 
walls of the alveoli of the lung , they are typical stretch receptors which are 




Fio 231 — Vagal Action Potentials set 
up by Artificial Stretch of Lung 

8plnM Cat 8tng!c fibre vagus preparation 
Tho lungs aro passively Inflated by means 
of a pump The movement of tlie white 
signal line Is directly proportional to the 
(lcgrco of Inflation 

A Inflation «=65 c c Maximum frequency of 
nerve Impulses, 80 per sec 

1) Inflation *=> 115 c c Maximum frequeaej 120 
per sec 

In(Intlon**230 c c Maximum frequency 250 
per sec (Adrian, J Phvsiol , 10J3 ) 



Fig 232 — Vagal Action Potentials during Two 
Normal Bespiratory Cycles 

Action potentials are recorded in a single fibre of the 
vagus nerve In the decerebrate cat The 
frequency of the impulses reaches a maximum 
of 00 per see at tlio height of inspiration 
and falls to a minimum at the end of expiration 
(Adrian, J Physiol , 1933 ) 


stimulated when the lungs are stretched during inspiration Imp uls es 
(action potentials) can he recorded in the distal end of a single cut vagus 
fibre The lungs are passncly inflated quickly by means of a pump , impulses 
are set up winch reach a peak frequency which is directly related to the degree 
of distension, i c tbe.greater the degree of stretch of the lung, the higher the 
frequency of the impulses set up (Fig 231) The pulmonary stretch receptors 
do not show adaptation, i e as long as the stretch is maintained the frequency 
of the discharge is kept up With greater lung distension more vagal re- 
ceptors are probably stimulated and thus more vagal afferents come into 
action Increased stretch of the lungs thus results in more impulses arriving 
at the inspiratory centre in unit time 

(2) During natural breathing vagal impulses are set up with the onset 
of inspiration, and increase m frequenev to a maximum as the lungs become 
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progressively filled with air , with the onset of expiration the impulses begin 
to die down and disappear (Fig 232) 

(3) Evidence will now be presented to demonstrate that the vagal afferents 
(like the pneumotaxic centre but more powerfully) convert the steady dis-' 
charge of the inspiratory centre m£o aTbythffiKTalternation of inspiration 
and expiration 

(l) Section of the vagi m the intact animal produces slower and deeper 
breathing (Fig 236) , the effect is smaller when one vagus only is cut 
(Fig 233) 

(n) If the vagi are intact, a section through the upper pons to cut off the 



Fig 233 — Effects of Section of Vagus Nerves in High Decerebrate 
Animal (Pneumotaxic Centre Intact) (Pitts, J Neurophysiol , 

1942, 5, 405 ) 

Impulses (action potentials) were recorded in about two fibres of the phrenic nerve 
representing (indirectly) the discharge of the inspiratory centre 
In each record, the upper tracing =resprration lower tracing =phremc impulses 
Upstroke = inspiration 
Upper record = vagi intact 
Middle record=after section of the left vagus 
Lower record=after section of both vagi 

Note that after vagotomy, inspiration 13 more prolonged ana its rate is reduced 

pneumotaxic centre leaves rhythmic breathing intact , if one vagus is then 
cut, breathing becomes somewhat slower and deeper , if both vagi are cut, 
the inspiratory centre is isolated, rhythmic breathing ceases and apneusis 
sets m 

(m) The discharge of the isolated inspiratory centre can be conveniently 
studied by recording action potentials in a single fibre of the phrenic nerve , 
the impulses follow one another steadily at a high frequency If the central 
end of one vagus is stimulated there is after a latent period a decrease and 
finally an arrest of the inspiratory discharge , on cessation of stimulation 
there is an inhibitory after-discharge, i e the inhibition of the inspiratory 
centre outlasts for some time the end of vagal stimulation, and then the 
discharge of the centre is resumed (Fig 234) 

The interpretation of these results is as follows the isolated inspiratory 
centre is in a high state of central excitation and is vigorously generating 
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and discharging impulses The afferent yagalpmpulses are inhibitory _ to this 
centre and produ ce m it We charac tenstic_changes^ of reflexjntobifepn 


centre ana prouuce m ^ — - — 7 — „ r 

{tT 542) — The latent period is due to the time taken for the impulses to reach 

the centre and for the central inhibition to increase sufficiently to overcome 
the existing state of central excitation , as more impulses arrive along the 
vagus, inhibitory recruitment occurs , more of the cells of the inspiratory 
centre come under the influence of the central inhibitory state until Anally 
all activity is extinguished On cessation of stimulation afferent vagal 
impulses continue to travel m complicated relay paths to reach the inspiratory 
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Fia 234 — Inhibition of Isolated Inspiratory Centre by Stimulation of 
Central End of Vagus Nerve (Pitts, J Neurophystol , 1942, 5, 407 ) 

The pneumotaxic centre has been cut off by a trans section through the lower pons 
Both vagi cut Inspiratory centre isolated 

In each record, upper tracing show s respiration (upstroke inspiration), lower tracing 
shows action potentials in a few phrenic fibres (representing discharge of inspiratory 
centre ) 

Upper record (A) sustained discharge of isolated inspiratory centre (apneusis) 

Middle record (B) Between arrows stimulate central end of vagus After a latent 
period the inspiratory centre is arrested and expiration occurs note the long 
inhibitory after discharge 

borer record (0) Repeated stimulation of central vagus (betwe n arrows) cuts short 
Inspiration and produces expiration 


centre and to maintain for some time the induced state of inhibition (inhibitory 
after-discharge) As the reverberation m the relay paths subsides, the 
inspiratory centre, freed from inhibition, resumes its discharge 

(iv) These results explain how the vagi function m the intact animal 
During inspiration, the lungs are progressively stretched and more impulses 
pass up the vagi, until by inhibitory recruitment the discharge of the inspira- 
tory centre is arrested and expiration sets m The impulses passing up the 
vagi then die down and cease, but inhibitory after-discharge maintains the 
quiescence of the inspiratory centre producing a pause between tbe end of 
expiration and tbe next inspiration 

(v) The deep rapid breathing of muscular exercise or of CO, excess can 
e explained as follows As the inspiratory centre is being stimulated 

directly and reflexly it is m a high state of excitation and discharges vigorously 
to the spmal motor neurones producing a powerful inspiration The afferent 
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vagal impulses have to compete against this higher level of concentration , 
more afferent impulses than normally must arrive in uni t time to produce 
this inhibition , inspiration thus proceeds longer, i e the inspiration is deeper, 
until with greater stretch of the lungs the afferent vagal backlash inhibits 


Pn C 



Fig 235 — Diagram of Respiratory Centres 

Pn C , Pneumotaxlc Centre 
I C , Inspiratory Centre 

The + sign m the cell indicates that the centre discharges spontaneously 

E C , Expiratory Centre 

Insp Muscle, Inspiratory muscle 

Exp Muscle, Expiratory muscle 

Vagus, Vagal afferents from lungs 

The interrupted lines indicate the reciprocal innervation nhich probably 
tales place 

Thus Pneumotaxlc Centre inhibits Inspiratory Centre and may stimulate 
Expiratory Centre 

Inspiratory Centre stimulates spinal inspiratory motor neurones and 
Inhibits expiratory spinal motor neurones 
Expiratory Centre stimulates expiratory spinal motor neurones and 
inhibits inspirator} spinal motor neurones 


the inspiratory centre The inhibitory after-discharge likewise has to com- 
pete against a highly excited inspiratory centre , central excitation soon 
attams the upper hand and after a shorter interval the next inspiration 
starts Breathing is thus both deeper and quicker Expiration involves 
strong contraction of the expiratory muscles owing to powerful stimulation 
of the expiratory centre 

Rhythmic Breathing (Fig 235) — From what has been said above it is 
clear that the “ inherent ” steady discharge of the inspiratory centre is 
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converted into a rhythmic action by two automatically operating inhibitory 
mechanisms each of which is indirectly set into operation by the inspiratory 

centre itself 

( 1 ) via the pneumotaxic centre (p 6t Sb) „ nf fll „ 

11 ) via a discharge to the inspiratory muscles, leading to inflation of the 
lungs, stimulation of the pulmonary stretch receptors and the setting up o 
afferent inhibitory impulses in the vagi (p 387) 



Fig 236 — Effects of Injury to Central Respiratory 
Mechanisms 

Record of Respiratory Movements Inspiration =TJpstroke ' 

a, Normal , 6, Slow, deep breathing following double vagotomy 
c, Trans section through pons m vagotomized animal, partially 
cutting off pneumotaxic — *— — 1 eathrag inter- 
spersed with gasps , d, ipper medulla 

Gasping breathing (Run , 57) 

Effects of Injury to Respiratory Centres — When the respiratory 
centre is depressed by severe asphyxia or anoxia, over-dosage with anaesthetics 
or medullary anaemia, normal breathing is replaced successively by apneuses 
and gasps and finally stops altogether (cf Fig 236, c, d ) Conversely, if 
recovery is brought about by artificial respiration or other suitable methods, 
restoration of breathing occurs m the reverse order Apneustic breathing 
may occur in infants folio wmg birth injuries , m such cases haemorrhages 
have been demonstrated post-mortem m the pons 

Mechanism of Breathing — The pattern of the nervous discharge from 
the normally controlled inspiratory centre can he conveniently studied by 
recording action potentials m single motor units of the respiratory muscles 
(p 503) or m single fibres of the nerves supplying them (Fig 237) The muscles 


392 


CONTROL OF RESPIRATORY MUSCLES 


involved m quiet inspiration are tlie diaphragm and the external mtercostals , 
the chest is enlarged from above downwards, and m its transverse and 
antero-postenor diameters , air consequently enters the lungs At the 
same time the glottis widens and the bronchioles dilate Quiet expiration is 



Fxa 237 — Impulses m a Single Motor Nerve Fibre to an External Intercostal (Inspiratory) 
Muscle (Bronk and Ferguson, Amer J Physiol , 1935, 110 ) 

Records from above downwards are (1) nerve impulses (action potentials) , (ii) time marker, 0 2 seconds , 
(ill) respiration , upward movement indlcates_ingpiration 

mainly passive, i e it is brought about principally by relaxation of the 
inspiratory muscles (with a consequent decrease m the size of the thoracic 
cavity) and is aided by the elasticity of the lungs , but, except under deep 
anaesthesia, there is also some active contraction of the expiratory internal 
intercostal muscles The glottis narrows and the bronchioles dimmish in 
calibre In very deep breathing accessory muscles come into operation , m 
inspiration the serratus magnus and posterior pectorals, scalenus, trapezius, 
rhomboids (and alae nasi) , m expiration the anterior abdominal wall con- 
tracts and drives the diaphragm high up into the chest When active expiration 



Fig. 238 — Motor Impulses in a Nerve Twig to an External Intercostal Muscle in Three 
Successive Inspirations of varying Depth (Bronk and Ferguson, Amer J Physiol , 
1936, 110 ) 

A, Moderate , B, Deep C, Shallow Records aa in Rig 237 

Note'during thefdeep breath (B) that the impulses are of greater frequency and the discharge is of longer dura 
tion It also becomes irregular towards the end, indicating that additional nervcfUbres are coming 
Into action 

occurs it is likely that the pneumotaxic centre (and vagal afferents) are 
reciprocally stimulating the expiratory centre while inhibiting the inspiratory 
centre (Fig 235) 

Electrical studies show that during quiet inspiration the diaphragm (or 
external intercostal) is stimulated at low rates of about 25 per second, i e 
subtetamcally (Figs 237, 238, A) Owing to the asynchronous character of 
the discharge of the spinal motor neurones, the various motor units contract 
out of phase , the tremulous response of each motor unit is thus converted 
into a steady pull of moderate tension of the whole muscle (p 502) , probably 
only a proportion of the muscle fibres are m action As breathing increases 
m depth the motor neurone discharge rate becomes more rapid (up to 100 
per second), more synchronized and of longer duration , in addition more 
motor neurones discharge (i e recrmtment occurs) and more motor units 
contract (Fig 238, B) The tension of each motor unit is consequently greater, 
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more muscle fibres are in action and a more extensive cbest movement 
results The expiratory muscles are treated in a similar manner 

When the inspiratory centre is depressed its discharge becomes o o 
frequency, of shorter duration (Fig 238, C) and involving fewer motor units , 
inspiration becomes progressively feebler and finally ceases 

Regulation of the Breathing —Respiration is adjusted to serve 

number of “ purposes ” in the body , , . -o . 1 

(1) To supply oxygen and get nd of C0 2 formed m the body 
oxygen requirements and the amount of C0 2 liberated are propor lona 




Lungs 


Fig 239 — Regulation of Respir&lioD 


R C —Respiratory centre , H C =Higher centres , C C ^Cardiac centre , V M C —Vasomotor centre, 
C S >= Carotid Blnus region (Including carotid body). Sin N = Sinus nerve, Ao N =Aortic nerve 
(aortic arch Includes the aortic body) , +== Stimulates breathiDg , — =Depresses breathing 


the degree of activity of the body All other things being equal, then, the 
pulmonary ventilation is directly proportional to the metabolic rate The link 
between metabolism and breathing is probably the variation m the C0 2 
tension in the blood It should be emphasized that a level of ventilation 
sufficient to eliminate C0 2 in appropriate amounts (at sea level, and when 
breathing air of normal composition) is more than adequate to meet the 
oxygen requirements (except under conditions of extreme exertion) 1 

(2) To help to regulate the H + ion concentration of the blood The breathing 
responds m an extremely sensitive manner to the'shgEtest change m the 
H + ion concentration of the blood and m a way that tends to restore the 


1 “ Over the 
(Mioeoher) 


oxygen supplies of the body CO. spreads its protecting wings ” 


13 * 
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reaction to its norma level The pulmonaryjventilation thus vanes with the 
reaction of the blood 

(3) To maintain the appropriate oxygen tension of the blood in certain 
conditions of anoxia 

(4) To help to maintain the normal body temperature 

The mam factors to be considered m our analysis are (cf Fig 239) 

C0 2 excess and lack 

vd2) Changes m H+ ion concentration of blood 

(3) 0 2 lack 

(4) Rise of blood temperature 

(5) Effects of changes in arterial blood pressure and cerebral blood 
flow 

(6) Voluntary and other reflex variations in breathing 

C0 2 and Breathing — Fresh air contains negligible amounts of C0 2 
(0 03%) When the inspired air contains excess C0 2 breathing increases 
first m depth and later m frequency, the former being quantitatively the 
more important The pulmonary ventilation increases strikingly as shown 
m the Table below (from Haldane and Priestley) The venous blood as it 


Percentage CO, 
in Inspired 

Air 

Average Depth 
of 

Respiration 

Average 
Frequency per 
Minute 

Ventilation of 
Alveoli with 
Inspired Air 

Percentage CO, 
in Alveolar 

Air 

0 04 

673 c o 

14 

100 taken as 

56 




normal 



739 o c 

14 

116 

55 


864 o c 

IS 

153 

56 


1216 oc 

15 

226 

55 

614 

1771 c c 

19 

498 

62 

6 02 

2104 c c 

27 

857 

66 


flows through the lungs normally yields up a certam amount of CO a which 
passes into the alveoli whence it is eliminated by the fresh air breathed 
If the inspired air contains much C0 2 , it cannot eliminate C0 2 so well from 
the alveoli unless the pulmonary ventilation is changed The alveolar C0 2 
therefore rises slightly. As the arterial blood leaves the lungs m equilibrium 
with alveolar air, the arterial C0 2 tension also rises Breathing is conse- 
quently stimulated, and so compensates for the inspired air being “ con- 
taminated ” with C0 2 The alveolar C0 2 is thus reduced practically to its 
normal level Alveolar C0 2 never falls quite to normal, for should it do so 
the stimulus to excessive breathing would cease and C0 2 would reaccumulate 
In other words pulmonary ventilation is stimulated for as long as the C0 2 - 
nch mixture is inhaled, thus keeping alveolar and arterial C0 2 tensions 
almost normal 

This compensatory mechanism has its limits, however As the inspired 
C0 2 content approaches the level found m alveolar air it becomes increasingly 
difficult to eliminate C0 2 as rapidly as it is formed and (e g with inspired 
C0 2 of 514% the alveolar C0 2 rises (eg from 5 5 to 6 2%)) Obviously 
when the inspired C0 2 % exceeds that in the alveolar air full compensation 
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is impossible and the alveolar C0 2 uses markedly (eg to 6 6/ 0 ^enthe 
inspired CO, is 6 02%) m spite of tremendous overventilation There is 
some mental confusion and depressed s enso^acu^th;^ 
tie blood pressure rises_L (For effects on circulation cf pp 274, SOB) When 
fresh air is briittad^gam, respiration soon tends to decrease towards 
normal, but some of the other symptoms may become temporarily aggravated 
(especially the headache) and m s evere oases vom itmg-jnaxoccur When 
t he COo concentration m the blood is very high, grave tome effects ^appeark 
consisting of cardiac slowing, loss of consciousness, and then depression and 
finally cessation of breathing ~ 



Fia 240 — Effect of CO- Excess on Isolated Respiratory Centro (Stella, 
J Physiol , 1938, 93, 267 ) 


Cat Trans section through the upper pons to out ofT the pncumotaxic centre The 
inspiratory ccntro is temporarily isolated by blocking the vagi The height of the 
resulting, ‘sustained inspiration (apneusis) is a measure of the discharge of the 
inspiratory centre and, therefore, of its degree of excitation 
Control, breathing air At C, block \ agi Note height of apneusis (a) Between arrows 
inhale 8% CO 2 in air Note stimulation of breathing At C, block vagi (including 
aiferents from the aortic bodies) Note that the resulting apneusis (6) is greater 
than in (a) As the effect of CO 2 excess wears off, the height of the apneusis 
resulting from vagal block (C) it (c) (d), (e), becomes progressively smaller 


Mode of Action of C0 2 — This is complex in character C0 2 acts 
mainly directly on the inspiratory centre and partly reflexly by stimulating 
chcmoreceptors m the carotid and aortic bodies (p 738), thus sending 
excitatory impulses to the centre 

( 1 ) Direct Action — In an animal with a low pontine trans-section (to cut 
off the pneumotaxic centre), the two vagi are blocked by means of cold , 
the released, isolated, inspiratory centre sets up an apneusis and its height is 
noted (Fig 240 (a)) The vagi are warmed and rhythmic breathing returns 
I lie animal is given a CO,-ricli mixture to breathe and during the response 
the vagi are blocked again , the resulting apneusis is far bigger than m the 
control experiment (Fig 240 ( b )) , this observation proves that CO, stimulates 
S' tnfpiraforv centre After denervation ot the carotid and aortic bodies, 
tUj still stimulates the isolated inspiratory centre (though to a smaller extent), 
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proving that its action is m part a direct one Conversely, if the vagal block 
is carried out after a bout of overventilation to eliminate C0 2 the resulting 
apneusis develops very gradually and is feeble (Fig 241) As results, quali- 
tatively similar through quantitatively smaller, are obtained after denervatmg 
the carotid and aortic bodies, C0 2 lack depresses the inspiratory centre in 
p_art, by a direct action 



Fig 241 — Effect of C0 2 lack on Isolated Inspiratory Centre 
(Stella, J " Physiol , 1939, 93, 269 ) 

Cat Trans section through the upper pons to cut off the pneumotaxic centre 
Isolate the inspiratory centre temporarilj by blocking the vagi the 
height of the resulting sustained inspiration (apneusis) is a measure of the 
discharge of the inspiratory centre and, therefore, of its degree of 
excitation 

A Control quiet breathing At arrow , block vagi Note rate of developme 
and height of apneusis 

B Artificial respiration (A It ) has been carried out to induce CO, lack When it 
■was stopped, apncea set in 

During the apnoea, at the arrow, block the vagi (including afferents from the 
aortic bodies) Note the long latent period before the apneusis begins to 
dev elop 
I* 

(u) Reflex Action — The reflex effects of C0 2 via the chemoreceptors are 
discussed on p 745 

H+ ion Concentration and Breathing — Breathing is very sensitive to 
changes m H + ion concentration of the blood , the pulmonary ventilation 
changes in a manner that tends to restore the blood reaction to its normal 
value Ab was pointed out above (p 393), one of the mam functions 
of breat hin g is to help to maintain the blood reaction within proper 
limits 

Response to Acidemia — When the H + ion concentration of the blood 
tends to rise, the pulmonary ventilation is mcreased, more fresh air is taken 
into the lungs, more C0 2 is eliminated, and the level of the alveolar C0 2 falls 
below normal As the alveolar C0 2 tension regulates the amount of H 2 C0 3 
in the arterial blood, a fall of alveolar C0 2 results m a lowered arterial C0 2 
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and H 2 C0 3 content The numerator in the expression H 2 C0 3 /BHC0 3 which 
determines the H + ion concentration (cH) of the plasma is decreased and 
thus the blood reaction tends to return to normal (p 92) 1 The tendency to 
acidsemia which initiated these changes is thus combated (cf Fig 57) 

Such a response occurs m the following conditions 

(i) During the secretion of the alkaline digestive juices (pancreatic juice, 
bile, and succus entencus) as sodium bicarbonate is excreted leaving a relative 
excess of H + ions in the blood 

(n) A meat diet gives rise to excess of acid radicals, especially H 3 P0 4 
and H 2 S0 4 derived from the oxidation of the P and S of 'the protein molecule, 
and therefore tends to cause an acidsemia (cf p 99) 



Fia 242 - — Changes in. Alveolar CO s Teimon with Meals 
XWcolar CO, tension in mm Hg A *= Normal subject, B=Healthy subject with complete 


Ordinate ,. I 

achylia gaBtrlca, C 
J Phytiol , 1921 ) 


=Case with marked hypersecretion of gastric juice (nodds and Bennett, 


(ui) If ammonium chloride is ingested, the NH 3 portion is split off 
is combined with carbonic acid and converted into urea 


it 


NH 4 C1-vNH 3 +H++C1' 

urea 




H + ions are liberated this tends to produce acidsemia (cf p 98) 

(iv) 11 diabetes mellitus and starvation, /3-hydroxybutyric and aceto- 
acetic acid accumulate m the blood (p 924) J J 0 

wi IU all u theS ? cases of tendency to acidaemia, increased breathing occurs 
with resulting lowering of the alveolar and arterial C0 2 tension g 

tendstowf Ai T AL/EMU ~ Wben the H+ 1011 concentration of the blood 
!h!l nn t! P ulmo , nai y ventilation is diminished, CO„ is retained the 
m thc blnnrf C0IKe S uen tly »ses, ^ arterial C0 2 and H,C0 3 ‘nse, the H+ions 

mcrease m F ro nCrea , S b d and tbe nor “ al blood reactl °n is restored The 
m HoCOg m the expression H 2 C0 3 /BHC0 3 compensates for the 

f P R =(-Iog„cH)=G 1+log 
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initial increase m BHCO s (cf Fig 57) These general principles are well 
illustrated bp the following examples 

( 1 ) During gastric secretion HC1 is eliminated from the blood, with a 
consequent tendency to alkaleemia 

(n) The same effect is produced by the ingestion by mouth of NaHC0 3 , 
which is absorbed as such into the blood stream 

(in) A vegetable diet contains a relative excess of basic radicals, and so 
tends to increase the alkalinity of the blood 

In all three conditions the pulmonary ventilation is diminished and the 
alveolar C0 2 rises As a result, the arterial C0 2 tension, the H 2 C0 3 content 
and the concentration of H + ions m the blood all rise, thus compensating for 
the initial alkalsemic tendency 

Fig 242 shows the compensatory changes in the alveolar air (and there- 
fore m the arterial blood) occurring with meals The initial rise of alveolar 
C0 2 runs parallel with the amount of gastric acid secreted In achlorhydria — 
m which condition no gastric HC1 is formed — no initial change is observed 
in the alveolar air During the phase of alkaline secretion (i e of pancreatic 
juice and bile) the alveolar C0 2 falls These changes are best seen after the 
first meal of the day , after later meals the effects are not well marked, 
because the response to one meal blurs the reactions to the succeeding one 
Mode of Action of H+ ion Changes — As m the case of C0 2 , changes 
m the H + ion concentration affect breathing m two ways (i) by stimulating 
the respiratory centre directly , (n) reflexly, by acting on the chemoreceptors 
m the carotid and aortic bodies (p 745) 

Effects of Oxygen Lack on Breathing — The effects of oxygen lad 
are complex and depend m part on the degree of acuteness and seventy of 
the deprivation 

(1) If an inert gas like nitrogen is breathed, the C0 2 is eliminated quite 
normally from the alveoh, but the oxygen present there is washed out as well 
Not only does the venous blood reaching the lungs soon cease to gam any 
oxygen, but when the oxygen content of the alveoh falls sufficiently, the 
venous Hood gives up its oxygen and the arterial blood leaves completely 
reduced Some initial hyperpnoea occurs as a rule, but within 45 seconds 
loss of consciousness develops suddenly, and practically without any warmng, 
from oxygen lack to the brain There are no reserve stores of oxygen m 
the tissues (unlike C0 2 ) , the only oxygen present there is the minute 
amount which is present m solution Soon after, breathing decreases and 
ceases from failure of the respiratory centre 

(2) If the oxygen lack is less severe , the effects produced depend on how 
rapidly it is induced 

If the subject breathes in and out of a large bag through a soda-lime 
tower (to absorb C0 2 ) the C0 2 evolved is removed and does not therefore 
accumulate m the bag, but the oxygen content gradually diminishes The 
breathing is unaffected till the oxygen m the bag is reduced by about one- 
third, % e from 21% to 14% In sensitive subjects a considerable increase 
m the breathing may now occur , but often the mcrease is slight It con- 
trasts very strikingly with the early intense hvperpnoea which results from 
even a small rise of C0 2 m the inspired air The effects on respiration and 
circulation m a typical experiment are set out graphically m Fig 243 The 
changes m the alveolar air are shown m the Table on p 400 
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Fig 243 — Circulatory and Respiratory Responses to Progressive Anoxia in Man 

After a control period the subject rebreathed from a b3g containing air, through soda lime to absorb C0„ 
“* e experiment was terminated when the subject fainted The percentage saturation of the arterial 
blood with oxygen fell from 95 to 65 , the pulmonary ventilation gradually increased from 4 to 10 
l itres per minute , the circulation time initially fell from 24 to 17 seconds (suggesting increased cardiac 
output) , the pulse rate rose from 6o to 130 per minute In the biood pressure record, upper hne= 
systolic, lower line = diastolic, shaded area = pulse pressure The blood pressures remained unchanged 
xor ttio urst _0 minntes of anoxia Jnst before consciousness was lost, systolic and diastolic blood 
feu abruptly, the venous pressure rose, and the circulation time was lengthened, indicating 
i breathing air normal conditions were restored The bEematocrit value was 
Sr th roa Etioat , i « , there was no change In red cell concentration and no evidenceof discharge 

of stored red corpuscle* (Bedrawn from Ershler ci al , Amer J Phyttol , 1943, 138, 695 ) 
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Inspired Air 

Alveolar Air 

Alveolar Air 

Pulmonary 

o,% 

o 3 % 

co 8 % 

Ventilation 

20 9 

14 5 

5 54 

Control 

16 0 

10 4 

5 62 

Unchanged 

12 8 

83 

5 37 

Slightly increased 

11 1 

71 

4 89 

Increased 

62 

43 

3 57 

Greatly increased 

63 7 

57 6 

5 41 

Unchanged 

80 2 

72 2 

5 84 

Unchanged 


Normally the alveolar, 0 2 percentage (14%, 100 mm Hg pressure) is 
about 7% less than tEe atmospheric 0 2 percentage (21%, 150 mm Hg 
pressure) The effect of the increased breathing is to make better use of 
such oxygen as is available in the inspired air , the difference between the 0 2 
concentration in the atmosphere and the alveolar air is less than normal 
The blood is therefore better oxygenated than it would have been in the 
absence of the compensatory hyperpnosa At the same time C0 2 e limin ation 
is increased , as there is no corresponding increase m C0 2 production the 
alveolar C0 2 tension falls , The associated fall m arterial C0 2 tension depresses 
the central respiratory mechanism and so prevents the anoxia from exerting 
its full stimulating action on breathing For these reasons also there is a 
tendency, too, for breathing to wax and wane, te be periodic m character 
The effects may be summarized thus 

y Oxygen lack— stimulates breathing — increases pulmonary ventilation — 
lowers alveolar C0 2 — lowers arterial C0 2 — alkalsemia — depresses breathing 
It is thus difficult to estabhsh adequate compensation, as the stimulus of 
oxygen lack to breathing constantly tends to be counteracted Cyanosis 
develops when the oxygen content of the inspired air falls to 10% , there is 
the e marked mental incapacity Consciousness is lost a little later, from 
oxygen deprivation of the higher centres 

(3) The results are different when oxygen lack is of very gradual onset 
and ample time is available for all the compensatory activities of the body 
to be brought into play This is well seen on ascending gradually to high 
altitudes Fig 214 shows the relationship between altitude and barometric 
pressure The percentage composition of the atmosphere is unaffected by 
altitude, but the oxygen pressure in the inspired air is reduced proportionately 
to the decrease m total atmospheric pressure 

Symptoms set in when a height of about 11,500 feet is reached which 
corresponds to a barometric pressure of about 500 mm Hg, i e two-thirds 
of the normal level With rapidly developmg anoxia the chief stumbling- 
block in the way of an effective respiratory response is the excessive washing- 
out of C0 2 from the blood, which tends to depress breathing It is found, 
however, that after staying for some time in Tariffed atmospheres a process 
of acclimatization develops and persistent hyperpnosa is maintained, m spite 
of the lowered alveolar (and arterial) C0 2 tension Thus m acclimatized 
subjects on Pike’s Peak in Colorado the pulmonary ventilation had increased 
from 10 4 to 14 9 litres per minute, and the alveolar C0 2 tension was 27 mm 
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Hg instead of the normal 40 mm Hg Warren, during the 1938 Everest 1 
expedition, found that at 22,000 feet (barometer =340 mm) the alveolar 
C0 2 tension was 17 mm , (the alveolar oxygen tension was 40 mm 1) The 
breat hin g at these great heights was very rapid, about 55 to the minute, and 
Wry deep At 28,000 feet, Somervell found that for every single step 
forward and upward 7-10 complete respirations were required Values 
for the pulmonary ventilation are not given, but it must have been very 
great Breathing quickly and deeply was very easy at high altitudes 
owing to the low density of the air 



Fin 244 — Curves showing Eelationship of Barometric Pressure to Altitude (Haldane 

and Priestley, Respiration, 1935 ) 

The npper curve Is calculated from the formula of Zuntz and others, assuming a mean temperature of 
graduation °' VCr carvo ,8 ca, culated according to the internationally adopted system of altimeter 


To enable such an enormous ventilation to contmue m spite of the low 
arterial CO, tension, it is obvious that the alkalasmia must be compensated 
or m some way This is done by the kidney, which excretes a less acid urine 
nnd less ammonium salt , the unne may even become alkaline The kidney 
thus eliminates the excess of base, keeps the blood reaction fairly constant 
and permits oxygen lack to continue to stimulate ventilation (cf p 98), 2 

mi1ninL S rl qUen fi ? even J? P ay be tllus summarized 0 2 lack-increases 
p imonary ventilation — alkaloerwa — compensated for by the kidney 

As a rule m acute experiments the increase in breathing due to oxygen 

'ShrtTpSgT ™ ““ Ch ™ ■“»» 

For other effect* of oxygen lack, see pp 442 ei ttq 
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lack 18 chiefly in rate and not in 
depth, thus contrasting with the effects 
of C0 2 excess 

Mode of Action of Oxygen 
Lack — Moderate oxygen lack stimu - 
lates breathing in the intact animal 
But if the sinus nerves and vagi are 
severed, inhalation of the same oxygen- 
poor mixture usually produces a rapidly 
developing paralysis of respiration 
(Big 245) Oxygen lack thus directly 
Fro 245 —Effects of Oxygen Lack on ^presses the “Heaffer anted ” respiratory 
Respiration (SeUadurai and Wnght, centre , suitably performed perfusion 
Quart J exp Physiol , 1932 ) experiments show that anoxia acts on 

Cat Decerebrate Sinuses denervated and vag the SinO-aortlC chemoreceptors. Setting 
cut Time in 5 sec Inspiration = upstroke , , , K ^ 9 n -P 

Inhalation of 11 5% 0 2 mixture at arrow Rapid up excitatory impulses WlllCil rejlexly 

second ^rrow I>,r BK;athmg'graduaily recove^ Stimulate breathing (cf p 745) As a 

rule, m the intact animal the reflex 
stimulation prevails and increased ventilation results It was explamed on 
p 400 how this hyperpnoea by washing out C0 2 sets up further comphcations 
The action of anoxia on the inspiratory centre can be demonstrated m 
the same way as described for C0 2 (p 395) The pons is trans-sected to cut 
off the pneumotaxic centre , when the vagi are temporarily cold-blocked, the 
\nspiratory centre is “ isolated ” , it discharges steadily and a control apneusis 




Fig 246 — Effect of Oxygen Lack on Inspiratory Centre (Stella, 
J Physiol , 1939, 95, 366 ) 

Ca Trans section through the upper pons to cut off the pneumotaxic centre On 
blocking the vagi (e), the inspirators centre is released The height of the resulting 
inspiration (apneusis) is a measure of the activity of the inspiratorv centre 

A Control, breathing air , block vagi note height of apneusis 

B At arrow, inhale 6% 0 2 Breathing is refiexlj stimulated , block vagi (c) note 
more powerful apneusis than in A 

C Denervate carotid sinuses Inhale 6% 0 2 Breathing is depressed Block \agi 
(including afferent^ from aortic bodies) (c) note very feeble apneusis Oxygen 
lack directly depresses the inspiratory centre 




EFFECTS OF OXYGEN EXCESS 


403 


is recorded (Fig 246, A) The vagi are warmed again, thus allowing rhythmic 
breathing to return The animal is given an 0 2 -poor mixture to breathe and 
at the height of the response the vagi are again cold-blocked , a more powerful 
apneusis sets m, showing that anoxia stimulates the inspiratory centre (Fig 
246, B) The stimulation might be a direct or a reflex one The experiment 
is repeated after cutting the smo-aortic nerves coming from the chemorecep- 
tors , when the vagi are blocked again during a period of anoxia a smaller 
apneusis than m the control develops (Fig 246, C) Anoxia thus directly ~ 
depresses the inspiratory centre, but, via the chemoreceptofs'feflexly s timulates 
it 

Effects of Oxygen Excess — Pure oxygen (at atmospheric pressure ) 
can be breathed m man without ill effect for short periods, eg for several 
hours There are few records of the effects of such inhalations for longer 
periods owing to fear of producing the pulmonary damage which develops 
m small animals breathing pure oxygen for several days , 100% 0 2 has been 
breathed m a few instances for two days without ill effect m man , 60% 0 2 
mixtures can be breathed m man indefinitely with perfect safety It is necessary 
to emphasize these facts owing to the very widespread confusion on the 
subject There is no change in pulmonary ventilation, metabolic rate or 
blood pressure , mental activity is not stimulated As pointed out on p 194, 
erytkropoiesis in the red marrow is depressed. The cerebral blood flow is 
slightly decreased owing to local vasoconstriction (p 306) 

If men are exposed to 4 atmospheres oxygen pressure, grave symptoms 
develop m less than 1 hour , these consist of faintness, fall of blood pressure, 
or convulsions 1 In a senes of healthy men exposed to 3 7 atmospheres 0 2 
pressure, great and unpredictable vanations m tolerance were observed, 
symptoms occurring m 6-96 minutes A very common early symptom was 
lip-twitching , twitching also occurred m the arms , other symptoms were 
dazzle, giddiness, nausea, vomiting, irregular respiration, confusion and m 
some instances convulsions and unconsciousness 2 It has been proved by 
experiments on isolated brain slices that high 0 2 pressure directly poisons 
many^ of the enzymes concerned with ti§suun^3aSph~tEus paraHoScally 
in3ucing~cefebral_ anoxia" 3 ~Tlie^ymptoms oflixygenT poisoning are mainly 
referable to~the central nervous system which is highly susceptible to the 
effects of anoxia 4 High oxygen pressure may also decrease the cardiac output 
and cause cerebral vasoconstriction 

Climatic Conditions and Breathing — When thejbody is exposed to 
u arm and very moist external surroundings, regulation of body temperature 
becomes very difficult, as heat loss by evaporation and radiation from the 
elan is greatly interfered with The pulmonary ventilation under these 


, Behri vc el al , Amer J Physiol , 1935, 110, 565 Bean, Physiol Rev , 1945, 25, 1 

‘,£ 0n , ald ’ Bnt med J • 1947 > h 667, 711 

* Ip, cn8 > Biochtm J , 1946, 40, 145, 171 

, r ,i ic poisonous effects of high O. pressures have been attributed m part to retention 
* ,n ‘ C ^ “ atmospheres 0. pressure the amount of 0, dissolved m the 

* ^» na T rcr i 4 0 0 % (normal 0 3 c c ) , this is sufficient to meet the resting 0. require- 
t'sfuos (4 cc per 100 c c of blood flow), consequently no reduction of 
i, niogiobm takes place As this substance is more acid than reduced hemoglobin, 
nTO,l n ° ! n i ° available for the uptake of the CO, formed in the tissues (cf Fig 2531 , 

* a m ? s ° blri ® ls0 combines less readily than does reduced hemoglobin with CO, to 
’orrn carbammo hemoglobin (Fig 252) 
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conditions is considerably increased , more water vapour is eliminated in 
tHe expired air, thus getting rid of extra heat from the body The alveolar 
and arterial C0 2 tension falls , the resulting alkalaemia is compensated for 
in the" usual way by the excretion of an alkaline urine (cf p 478, and Fig 56, 
P 99) 

Blood Pressure, Cerebral Circulation, and Breathing. — A sudden 
marked rise of blood pressure m the resting animal depresses respiration , a 
fall of blood pressure stimulates breathing These effects are reflexly produced 
by the presso-receptors m the carotid sinus and aortic arch The evidence is 
as follows 

(1) A rise of pressure m the perfused carotid smus reflexly inhibits breath- 
ing (Fig 477, p 741) , conversely, a fall of carotid smus pressure (eg as a 
result of occluding both common carotid arteries) reflexly stimulates breathing 
(Fig 480, p 743) By appropriate methods, similar results can be obtained 
by modifying aortic blood pressure , the afferents concerned are the endings 
m the adventitia of the aortic arch 

(n) The increased breathing characteristic of haemorrhage (p 83) is pro- 
duced reflexly partly by the fall of blood pressure (and partly by the anoxia) 

(in) The rise of blood pressure set up by adrenaline is accompanied m the 
intact animal by depression or cessation of breathing (Fig 458, p 726) This 
adrenaline apncea is almost wholly reflexly produced by the rise of blood 
pressure acting on the aortic and smus nerve endings The apncea cannot 
usually be brought about after section of the vagi and smus nerves, tea 
rise ot blood pressure does not directly depress the respiratory centre 

It should be remembered, however, that m intact man a rise of blood 
pressure is frequently (in fact, commonly) associated with increased pulmonary 
ventilation Thus, m vigorous exercise the breathing is stimulated in spite of 
the rise of blood pressure because the chemical changes in the blood (eg 
increased C0 2 and H+ ion concentration) overcome the inhibitory reflex from 
the presso-receptors 

The respiratory centres, more than the other bulbar centres, rapidly 
lose their excitability if their oxygen supply is cut off (Fig 245) or if their 
blood supply is interfered with, as by raised intracranial pressure (p 464) 
or by cerebral anaemia 

Role of Afferent Nerves in Breathing — (1) Vagi — (i) The role of the 
vagi m normal respiration is fully discussed on pp 387 et seq 

(ii) The afferent fibres from the laryngeal mucous membrane are con- 
cerned with the cough reflex which guards the respiratory passages agamst 
the entrance of foreign bodies 

(2) Afferents from the Cardio-Vascular System and Chemorecep- 
tors 1 — (l) It was shown above that blood pressure changes reflexly modify 
breathing by acting on the nerve endmgs m the aortic arch and carotid 
smus 

(u) A rise of venous pressure reflexly stimulates breathing (cf pp 273, 
461) 

(ui) The reflex effects of variations in C0 2 tension and H+ ion concentra- 
tion, of 0 2 lack, and of various drugs, on respiration are considered on p 745 

1 Heymans et al , Arch int Phartnacodyn, 1927, 33, 273 , 1930, 29, 440 , J Physiol , 
1930, 69, 254 , Lt Smus Caroltdien, 2nd edn , Pans, 1933 Schmidt and Comroe, Physiol 
Rtv , 1940, 20, 115 
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These results must be considered in conjunction with, those described in 
the discussions of the mode of action of C0 2 , H + ions, and oxygen lack on 
breathing (pp 394, 396, 398) The entire evidence proves that the chemical 
changes in the blood regulate breathing to a significant extent refiexly from 
(he chenxoreceplors m the carotid and aortic bodies 

(3) Other Factors influencing Breathing — Breathing is also in- 
fluenced by the following factors 

(i) the higher centres, e g cerebral cortex or hypothalamus (Figs 433, 449) , 
(n) afferent impulses from the surface of the body, e g painful or thermal 
stimuli, 

(m) during swallowing, breathing is refiexly inhibited by impulses coming 
in the glossopharyngeal nerve from the post-pharyg eal wall , 

(iv) during sleep the respiratory centre is depressed , although the meta- 
bolic rate is reduced, the respiratory centre cannot maintain a level of pul- 
monary ventilation which is adequate to deal even with the reduced rate of 
C0 2 formation , the alveolar C0 2 tension consequently rises considerably 
General Survey of Control of Breathing — (1) In the resting in- 
dividual the pulmonary ventilation is adjustedto the rate of metabolism 

The basal metabolism in an average man is about 70 Cal per hour (p 378), 
or 1 15 Cal per minute The 0 2 intake per Cal is 210 c c (as 1 litre of 0 2 
burnt m the body yields about 4 8 Cal (p 375)) The 0 2 requirement under 
basal conditions is thus about 240 c c per minute 

From every 100 c c of inspired air about 4 c c of oxygen are absorbed 


240 


into the blood So the pulmonary ventilation at complete rest is — x 100 = 


6 litres per minute In a woman the basal pulmonary ventilation is about 
4 5 litres per minute 

It is clear from the above considerations that any of the factors (enumer- 
ated on p 378) which modify the metabolic rate produce corresponding 
alterations in the pulmonary ventilation The effects of different degrees of 
exertion on the respiratory exchanges are well shown m the Table below (from 
Haldane and Priestley) The effects of exercise are fully discussed on pp 435 
cl icq 



0 2 intake 
per mm 

C0 2 output 
per mm 

Pulmonary 
Ventilation 
per min 

Alveolar 

co : % 

RQ 

Rest in bed 

237 c c 

197 o o 

7 7 litres 

5 97 

0 88 

Rest, standing 

H ailing — 

328 c c 

264 c e 

10 4 litres 

5 70 

0 80 

2 miles per hour 

780 c c 

662 c c 

18 6 btres 

6 04 

0 85 

3 miles per hour 

1065 c c 

922 c c 

24 8 btres 

6 10 

0 86 

4 miles per hour 

1595 c c 

1398 c c 

29 0 btres 

6 36 

0 88 

G miles per hour 

2543 c c 

23S6 c c 

60 9 btres 

6 10 

0 90 


between metabohsm and breathing is mainly the alteration in 
C %°A C1m T ^ >e ^°°d> bo which breathing is exquisitely sensitive 
R nv mi at 18 com P aratlve ly Insensitive to oxygen lacl, unless it is 
ere therefore at sea level, when air of normal composition is inspired, 
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oxygen lack plays little part in controlling breathing At high altitudes, 
or in oxygen -poor atmospheres, it becomes the dominating factor and 
stimulates breathing, although there is no change in metabolic rate, and although 
the effect of the hyperpncea is to produce an allalcemia The “ goal ” of the 
hyperpnoea is, of course, to improve the oxygenation of the blood 

(3) Changes m blood reaction due to normal bodily processes (as discussed 
on p 397) are constantly modifying the pulmonary ventilation above or below 
that required by the metabolic rate m order to preserve the optimum H+ ion 
concentration 

(4) External moist heat sets up hyperpnoea, which tends to cool the body , 
incidentally an alkalsemia is produced which has to be compensated for m 
appropriate ways (p 478) 

(5) The level of the blood pressure probably only affects breathing reflexly 
m the intact individual when it is altered rapidly and to a significant extent 
(p 404) and if the subject is at rest. 

Effects of Voluntary Hyperpncea — The subject breathes very deeply 
and quickly for 2-3 minutes and then allows his breathing to act mdepend- 
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Fig 247 — Periodic Breathing following Voluntary Hyperpnoea 

Record of respiration After a period of voluntary hyperpncea, apnooa develops, followed 

hy periodic breathing 

ently of voluntary control The bout of overventilation is followed by 
depressed breathing or by apnoea (cessation of rhythmic breathing) A phase 
of periodic breathing commonly sets m, after which respiration gradually 
becomes normal Exa min ation of the alveolar air at the end of the over- 
ventilation shows that the C0 3 tension is greatly reduced, eg to 15 mm Hg 
(normal 40 mm ) and the 0 2 tension is raised, eg to 140 mm Hg (normal 
100 mm ) (Eigs 247, 248) 

The apnoea is due solely to the C0 2 lack (i e C0 2 tension below the mini- 
mum necessary for rhythmic breathing) and is not the result of the excess 
0 2 m the alveolar air The following evidence may be quoted 

(l) If the overventilation is carried out with air containing 5% C0 2 so 
that the alveolar C0 2 concentration is not lowered, no apnoea occurs , in fact 
hyperpnoea persists after discontinuing the experiment although the alveolar 
Oo concentration is raised to about 19% 

“ (n) The inhalation of pure 0 2 very markedly raises alveolar 0 2 concentra- 
tion, eg to 80% , but it does not alter alveolar C0 2 concentration and has 
no effect whatever on breathing 

During the period of apncea, oxygen is being steadily removed from the 
alveoli, so that two mmutes later, the alveolar oxygen tension is only 30 mm 
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Hg , severe oxygen lack is thus present At the same time C0 2 has been 
passing continuously from the tissues into the venous blood, diffusing out 
into the alveoli and remaining there Thus the alveolar and arterial C0 2 
tension slowly rises, reaching a level of about 36 mm Hg (Fig 248) Though 
this tension is still below the threshold level, “ air hunger ” is experienced 
and breathing is resumed This resumption of the breathing is due to a 
combination of factors (a) the rise of C0 2 tension almost to threshold, 
(h) the stimulating action of the severe anoxia It can be shown that if either 
factor is lacking breathing does not recommence 

(a) An animal is vigorously overventilated for say 20 minutes Alveolar 
0 2 tension rises to the same level as before (140 mm ) but alveolar, blood and 
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TIME IN SECONDS 

Fio 248 —Changes m the Breathing and in the Tension of Gases m Alveolar Air after 
Forced Respiration for Two Minutes (Douglas and Haldane ) 

Upper carve, pressure of oxygen In alveolar air , Middle curve, pressure of CO, In alveolar air 
Lower curve, respiration , Straight Interrupted line = normal CO, tension (40 mm Hg) 


tissue C0 2 tensions are reduced to extremely low values Apnoea sets in , 
after 2 or 3 minutes grave and progressive anoxia develops but breathing does 
not resume because the degree of C0 2 lack is too great to permit of anoxia 
alone acting as an effective stimulus to breathing The animal may die of the 
anoxia without drawing a breath 

, $) R pure oxygen instead of air is taken m during the period of forced 

breathing, the apnoea is greatly prolonged, and m one man persisted for 
eight minutes This is due to the fact that the resumption of the breathing 
ins to await the rise of the C0 2 tension to its normal minimal value Oxygen 
nek does not occur, and the oxygen tension is still high at the end of the 
period of apncea The breathing recommences gently without any sign of 
periodicity, breathing being maintamed m a regular manner when C0 9 is 
the effective stimulus 

^ vf + r j° rma * c °uditions variations in the C0 2 tension alone control breath- 
g , but during the period of apncea following voluntary overventilation. 
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the 0 2 lack which develops enables breathing to be resumed before the C0 2 
tension has risen fully to the normal threshold level When breathing begins 
again, fresh oxygen supplies are taken m, the alveolar oxygen rises, and the 
oxygen want is temporarily relieved , at the same time, too, C0 2 is washed 
out from the alveoli and the arterial C0 2 tension falls Thus both factors m 
the coalition of forces which brought about respiratory activity have been 
weakened The breathmg therefore ceases again Similar events occur 
during the next period of apnoea , the alveola!' oxygen is used up and increas- 
ing oxygen want develops , C0 2 accumulates and the alveolar and arterial 
C0 2 rise Breathing resumes agdm This cycle is repeated several times 
(Fig 248) It may be wondered why the process does not continue indefinitely 
The reason is that the brief bouts of breathing do not succeed m washing oui 
C0 2 from the alveoli as rapidly as it is being turned out from the tissues and 
blood The alveolar (and arterial) COg tension isa little higher at the end of each 
period of apnoea than it was at the end of -the preceding one, thus gradually 
rising to threshold level Regular breathing is then finally established 

The results described are by no means invariably obtained In some 
normal subjects apnoea does not follow the 2overventilation, but there is 
some decrease m the pulmonary ventilation , or the apnoea may pass smoothly 
into regular breathing of increasing amplitude Sometimes the overventilation 
continues in spite of a marked fall of alveolar C0 2 tension and seems to be 
outside the subject’s voluntary control 

The general effects of over-breathing are best studied when the pulmonary 
ventilation is increased to a more moderate extent (e g two- to threefold) and 
kept up for a longer time, e g 5 to as long as 30 minutes Fig 56 (p 99) 
shows the resulting increased alkalinity of the blood, the lower C0 2 content 
of the plasma, and the usual compensatory changes to alkalsemia, namely, the 
excretion of a more alkahne urine with a lower NH 4 + content (cf p 94) , 
urinary volume and urinary phosphate are also increased For some unknown 
reason acetone bodies appear m the urine, and the blood lactate is increased , 
these reactions may represent attempts to compensate for the alkalsemia by 
turning out fixed acids from the tissues mto the blood The pulse becomes 
rapid, sometimes irregular , the blood pressure is little altered , one would 
expect it to fall from the depressant effect of C0 2 lack on the vasomotor 
centre, but the shin is pale, cold, and moist , this cutaneous vasoconstriction 
which is due to the direct peripheral action of C0 2 lack may compensate for 
the vasodilatation of central origin (cf p 310) Leucocytosis and hyper- 
glycsemia have been reported 

The nervous symptoms are numerous and important There is a feeling 
of faintness, dizzmess, unsteadiness, kght-headedness, or of panic , the 
mind becomes more clouded and the surroundings seem unreal There is 
numbness and tingling m the skin, especially in the hands, with impaired 
tactile sense Typical symptoms of tetany develop (p 1005), with carpo-pedal 
spasm and stiffness of the face and bps Skilled voluntary movements are 
performed slowly and clumsily The subject may show hysterical symptoms 
he talks stupidly, laughs excessively, makes foolish grimaces, or sits with a 
vacant expression, the mouth open and the tongue protruding , consciousness 
may be lost It is obvious that the higher functions of the brain are disturbed 
Overventilation m man undoubtedly decreases the blood flow to the brain 
(p 306) , the resulting local anoxia may impair cerebral activity There are 



CARRIAGE OF OXYGEN IN BLOOD 


409 


alterations in the electroencephalogram (p 626) and the excitability of the 
motor cortex to electric stimulation is enhanced (p 635) 

Innervation of Bronchi — The smooth muscle fibres of the bronchi 
receive dilator fibres from the sympathetic, and constrictor fibres from the 
vagi Keflex stimulation of the latter fibres may be one of the causes of 
asthma The afferent impulses producing this effect may arise from many 
parts of the body — e g from the nose (polypi), Btomach, uterus, or from 
the bronchial tract itself Histamine also induces intense bronchoconstnc- 
lion (Fig 205), it may possibly be liberated locally in various forms of 
bronchial infection (p 338) and so set up spasm In an asthmatic attack, 
inspiration, which is an active movement, can overcome the obstruction due 
to the diminished bronchial lumen, and succeeds m drawing air into the lungs 
The passive return of the lungs to the position of rest which occurs normally 
m expiration is replaced by a laboured expiratory muscular effort [For 
action of adrenaline, see p 727 ] 


CARRIAGE OF OXYGEN IN THE BLOOD 1 
Certain essential data must be noted 

Alveolar Air The oxygen content is 13-14% , the oxygen tension is 
about 100 mm Hg (p 364) 

Arterial Blood — The average haemoglobin content of blood is 15 g per 
100 c c As 1 g of haemoglobin when fully saturated combmes with 1 34 c c 
of oxygen, the full oxygen combining power of blood is about 20 c c per 
100 c c As arterial blood is only 95% saturated with oxygen, its oxygen 
content is about 19 c c [In this calculation the dissolved oxygen, about 
0'3 c c % has, for simplicity, been ignored ] It muBt be emphasized that 
the arterial oxygen content will vary m different individuals accordmg to 
their haemoglobin content The arterial oxygen tension is about the same 
as that m the alveolar air , in this book the alveolar and arterial oxygen 
tension is taken to be about 100 mm Hg at sea level (cf p 367) 

aIixed Venous Blood — The oxygen content of the mixed venous 
blood depends on the degree of bodily activity Under resting conditions 
it is about 14 cc 0 2 per 100 c c blood, but m violent exercise it may be 
reduced to as little as 3 or 4 c c The oxygen tension correspondingly varies 
between 40 mm Hg at rest and 20 mm , 15 mm , or less, during severe exertion 
->.he volume of 0 2 which can be held m simple solution m the plasma 
nt a tension of 1 00 mm Hg is 0 3 c c % As the actual volume of oxygen 
ound m the arterial blood is about 19 c c %, it is clear that most of the 
goR is earned in loose combination with haemoglobin 

Oxygen Dissociation Curves — It is important to determine the 
amount of oxygen which haemoglobin solutions or whole blood take up at 
1 orcn ^ tensions of oxygen To study this problem it is first necessary to 
400°^^ ! CneS ? f ? ma !! B , am P^ es blood {eg 3cc)ma glass vessel (of about 


c c capacity) called a tonometer to various gas mixtures containing a 
mown percentage of 0 2 and therefore with a known 0 2 tension The bottla 
rotated m a bath at a known temperature for half an hour The blood 

m? T c ‘ nbr " is '' I914 - 2nd ,a " ** » • 
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spreads out as a thin film over the sides of the bottle, comes into equilibrium 
with the gas and finally contains 0 2 at the same tension as that ‘present in 
the tonometer 

It is next necessary to determine ( 1 ) the oxygen content — i e how much 
oxygen the sample contains under the specified conditions , (n) the oxygen 
capacity i e the amount of oxygen the sample contains when it has been 
exposed to air (it is then fully saturated) , (ui) the percentage saturation — i e 

the expression gggglPggtent x 100 
oxygen capacity 

Determination of Oxygen Content or Capacity — The principle of 
the method is that potassium femcyamde (K 3 Fe(CN) 6 ) expels all the oxygen 
in oxyhaemoglobm (liberated from the cells by haemolysis with saponin) with 
the formation of methaemoglobm 

To determine the 0 2 content , the blood sample under investigation is intro- 
duced into the Van Slyke blood-gas apparatus , the red cells are laked by 
means of saponin and the contained oxyhaemoglobm is liberated K 3 Fe(CN) 6 
is added , the volume of 0 2 evolved is measured 

To determine the oxygen capacity another sample of blood is first vigor- 
ously shaken in air to saturate it with oxygen and then the amount of oxygen 
present is determined as before 1 

If, for example, the oxygen content is 14 c c and the capacity 20 c c 

14: 

the percentage saturation is 100 = 70 

The percentage oxygen saturation is determined of blood samples exposed 
to oxygen tensions from 0 to 100 mm Hg pressure The results are plotted 
with oxygen pressure as abscissa and percentage saturation as ordinate , m 
this way a dissociation curve is obtained which shows the relationship 
graphically Curves are worked out for various conditions of temperature, 
H+ ion concentration, haemoglobin concentration, etc Attention must 
again be drawn to the fact that 100% saturation represents an oxygen 
capacity which depends on the amount of hcemoglobin present — e g with 14 g 
Hb%, the capacity is 14 X 1 34=18 7 c c % , with 15 g Hb%, the capacity 
is 15 X 1 34=20 c c %, etc A consideration of the dissociation curves reveals 
many points of interest (Fig 249) 

At the oxygen tension of the arterial blood (about 100 mm Hg) a simple 
solution of hcemoglobin in water becomes almost fully saturated with oxygen 
(about 95% saturated) At the oxygen tension m the mixed venous blood 
at rest, eg 40 mm Hg, the haemoglobin is still combined with most of 
its oxygen In other words, if our blood consisted of a simple haemoglobin 
solution, when it passed through the tissues very httle oxygen would be 
evolved and death from anoxia would result The curve for haemoglobin 
is a rectangular hyperbola , that for blood under the conditions found m the 
body is S-shaped Blood, too, is about 95% saturated at 100 mm 0 2 tension, 
taking up about 19 c c % of oxygen But at a tension of 40 mm it only 
carries about 14 c c % 0 2 , i e about 5 c c % have been made available for 
use by the tissues It should be carefully noted that at tensions below 40 mm 
the curve for blood descends steeply This means that if the oxygen tension 

1 Peters and Van Slyke, Quantitative Clinical Chemistry Methods, London, 1932, p 267 
For Haldane’s blood gas analysis method, see Douglas and Pnestley, Human Physiology, 
Oxford, 3rd edn , 1948 
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falls below 40 mm , t g to 20 or 15 mm as m severe exercise, blood may give off 
70 or 80% of its contamed oxygen (i e about 14 or 16 c c %) , greatly 
increased quantities of oxygen are thus supplied to tbe tissues (see continuous 
lines, Fig 249) 

The discrepancy between the behaviour of a simple haemoglobin solution 
and whole blood is explained by the fact that blood in the body is at a 
temperature of 37° C , contams C0 2 at a tension of 40 mm Hg (or more), 
and has a high concentration of hsemoglobm in the corpuscles These facts 
can be readily demonstrated 



PiQ 249 — Diagram to illustrate the Behaviour of Solutions of Hsemoglobm and of Blood 

under Different Conditions 

Abscissa Tension of Oxygen In mm Hg Ordinate Percentage saturation of hemoglobin with oxygen 
Dotted lines Htomoglobin solutions — 1, Hoorn' temperature and no CO, tension , 2, Body temperature 
and no CO, tension , 3, Body temperature and 20 mm CO, tension 
Continuous linos Blood Thick line — In presence of constant pressure of 40 mm CO, Thin line — 
Dissociation curve In body when disappearance of oxygen is accompanied by increase of CO, pres 
sure which facilitates dissociation of oxyhemoglobin 
A— Arterial point, V«= Venous point (mixed venous blood at rest) 


(i) By raising the C0 2 tension to which' a simple haemoglobin solution is 
exposed, the dissociation curve is “ shifted to the right,” i e the convexity 
of the curve is flattened, which means that more oxygen is evolved at low 
oxygen tensions C0 2 acts by altering the H+ ion concentration of the 
solution If the H + ion concentration is raised by any other acid, e g lactic 
ficid, similar effects are produced 

(u) Raising the temperature to that of the body, i e 37° C , has a similar 
though slight effect 

(m) The strength of the hsemoglobm solution employed is of importance 
A w oak solution (eg 1 500) always gives a hyperbolic curve whether the 

reaction is acid, alkaline, or neutral The strongest haemoglobin solution 
iafc can be obtained gives an S-shaped curve under all circumstances It is 
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noteworthy that the concentration of haemoglobin reaches its maximum m the 
red blood corpuscles (about 30 g of Hb per 100 c c of corpuscles), and that is 
presumably one of the chief factors producing the S-shaped dissociation curve 
of blood 

If the CO 2 tension, temperature, and haemoglobin concentration are 
adjusted to that of the body, the solution behaves hke blood 

Venous blood always contains C0 2 at a higher tension than arterial blood 
(46 mm at rest and higher tensions during exertion) The dissociation curve 
for blood at venous CO z pressure is consequently shifted somewhat to the 
right compared with that for blood at arterial C0 2 pressure 

Rate op Oxygenation and Reduction op Hemoglobin — So far we 
have only considered the reactions of haemoglobin when unlimi ted time is 
provided , but as the blood takes only 0 3-0 7 second to traverse a capillary 
m the lung the time available for oxygenation (and hkewise for reduction in 
the tissues) is brief The velocity of the haemoglobin reactions must therefore 
be considered 

The apparatus of Hartndge and Roughton is employed The essence 
of the method is that reduced blood is mixed with oxygenated Ringer’s 
solution, and then caused to flow in a steady stream through a glasB observa- 
tion tube The rate of the chemical reactions occurring xn the tube can 
be measured with the reversion spectroscope which detects the shght altera- 
tion which takes place m the exact position of the absorption bands when 
reduced haemoglobin is converted into oxyhaemoglobin Combination with 
oxygen under these conditions is found to occur m less than one-hundredth of 
a second, i e more than fast enough The reduction of oxyhaemoglobin also 
takes place with extreme rapidity and, according to Barcroft, it is speeded up 
by a rise of C0 2 tension or a rise of temperature 

To summarize the extent of dissociation depends principally on (i) oxygen 
tension , (n) C0 2 tension (and H+ ion concentration ) , (in) temperature , 
(iv) concentration of haemoglobin 

The rate of dissociation depends on (i) C0 2 tension , (u) temperature 
Oxygen Carnage in the Body — (1) Each 100 c c of arterial blood 
passes to the tissues carrying about 0 3 c c of oxygen m solution, and about 
19 c c in combination with haemoglobin 1 The tension of oxygen is about 100 
mm Hg , it must be remembered that tension is a property solely of the gas 
m solution The oxygen tension m resting tissues is probably just a little lower 
than that found in the venous blood, e g about 35 mm Hg Owing to the 
great difference of oxygen pressure, oxygen rapidly passes out of the plasma 
through the capillary wall and tissue fluid to reach the tissue cells The 
oxygen tension m the blood falls to about 40 mm Hg , complete equilibrium 
with the tissues is not achieved The oxyhaemoglobin m the corpuscles is now 
exposed to an 0 2 tension of 40 mm Hg m the plasma around it, and therefore 
cannot retain all the oxygen it has hitherto held m combmation Dissocia- 
tion occurs, and about 30% of the oxygen present (eg 5 c c %) is liberated 
This volume of gas cannot remain m solution in the plasma, which already 
holds as much 0 2 as it can , the oxygen liberated from the corpuscles must 
therefore diffuse out into the tissue fluid (Eig 250) 

As a result, the venous blood leaves with an oxygen tension of 40 mm 
Hg and an oxygen content of about 14 c c % There is slightly less oxygen 
in solution, and considerably less oxygen m combmation with haemoglobin 
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The arterio-venous oxygen difference or difference m oxygen content of 
arterial and venous blood is 19— 14 =5 c c % 

In tbs instance the coefficient of utilization, which is 


0 2 taken up by tissues _ =0 or or 26°/ 

Oj content of arterial blood 19 ’ 0 


(2) When a tissue is active, eg the skeletal muscles during vigorous 
exercise, the venous blood becomes faT more extensively reduced Very 
active muscles may abstract almost all the oxygen brought to them m the 
arterial blood, i e the coefficient of utilization is extremely high The mixed 
venous blood (that in the right auricle) may have an oxygen content of 7-8 
c c % in hard work, or 3-4 c c % in extremely violent exercise, corresponding 
to coefficients of utilization of 65% and 80% respectively , as the mixed 
venous blood consists partly of blood from skin and viscera, which is only 
slightly reduced, it is clear that the blood from the active muscles must be 
almost completely free from oxygen The essential factor concerned is the 
fall of oxygen pressure m the blood as it passes through the muscles , this 


Oi tension 35 mm 


ARTERIOLE 

Oj tension 100 mm 
Oj in cells 19 cc 
In solution 0 3cc. 
%sot Hb 95 
CO 2 tension 40 mm 





VENULE 

02 tension 40mm 
O 2 in cells 15 cc _ _ 
O 2 in solution 0 15 cc 
°/„ Sot Hb 75 
CO 2 tension 46mm 


Fra 250 — Diagram showing Passage of Oxygen from Blood to Tissues in Besting Organ 


causes almost complete dissociation of the oxybsemoglobm This more 
extensive reduction m active tissues is brought about as follows 

( l ) The number of patent capillaries becomes greatly increased (eg 10 
times), and all the capillaries become widely dilated (Fig 191) Owing to 
the greatly increased total cross-section of the vascular bed locally, the 
linear velocity of the blood through the tissue is slowed down and thus more 
lime is available for dissociation and diffusion of oxygen The total blood 

course greatly increased because of local arteriolar dilatation 
(p 432) and more general circulatory reactions (p 433) 

(n) A large surface of blood is m contact at any one time with the tissues, 
and the gaseous interchange is further facilitated 

(m) As the tissue is consuming 0 2 at a great rate, the oxygen tension 
Ji , ln . ^ probably falls to zero A very steep oxygen pressure gradient 

as s between plasma and tissues, permitting rapid diffusion 
l , c °sygen tension m the blood falls, eg to 30 mm Hg , the oxyhsemo- 
g o m dissociates and gives off about 60% of the oxygen combined with 
i 11 , an active tissue the temperature rises, larger amounts of C0 2 are 
' e l H+ ion concentration tends to go up The rise of tempera- 

CO tT ^ * ^ en81011 increase the rate of dissociation of Hb0 2 The increased 
-un? S10n m _ eans that HbO z gives off more oxygen at any given oxygen tension 
off ^ ^2 tension, blood at 40 mm C0 2 tension gives 

its combined oxygen , blood in which the decrease of 0 2 is 
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accompanied by a corresponding increase of C0 2 pressure gives off 58% of 
its oxygen (Fig 249) If the oxygen pressure falls to 10 mm , blood at a 
C0 2 pressure of 40 mm becomes 10% saturated , but if the usual coincident 
rise of C0 2 pressure takes place the venous blood is actually only 7% saturated 

In the 'ways described activity of a tissue, by altering the calibre and 
number of the capillaries and changing the local 0 2 and C0 2 tension and the 
temperature, may enable three times the volume of oxygen to be abstracted 
from the same volume of blood flow compared with the res tin g utilization If 
the blood flow is also increased the total oxygen abstracted in unit time is 
correspondingly raised 

(3) When the mixed venous blood (0 2 tension 40 mm ) passes through 
the lungs it is exposed to an oxygen tension m the alveoli of 100 mm Hg 
Owing to the great difference of oxygen pressure, the gas rapidly diffuses 
from the alveoli through the thin pulmonary and capillary epithelium into the 
plasma (cf p 366) The amount of oxygen in solution is increased, and the 
tension m the plasma rises to about 100 mm Hg The haemoglobin exposed to 
this high oxygen pressure takes up oxygen from the surrounding plasma and 
mutes with it chemically As oxygen is thus removed by the corpuscles from 
the plasma, fresh amounts, of oxygen can pass from the lungs into the blood 
A constant stream of oxygen thus passes from the lungs into the plasma and 
thence into combination with haemoglobin The arterial blood finally leaves 
the lungs almost fully saturated with oxygen (95% saturated), at an oxygen 
tension of 100 mm Hg The oxygen content is then about 19 c c (the exact 
figure depends on the haemoglobin content) , only 0 3 c c is m solution 

The peculiarities of foetal haemoglobin and the mechamsm of 0 2 transport 
m the placenta between mother and foetus are discussed on pp 1097 et seq 


CARRIAGE OF CO s IN THE BLOOD 1 

The following data about carbon dioxide m the blood must be remem- 
bered They indicate the normal average findings m man Variations 
above and below these figures are to be expected m healthy subjects 

Tension of C0 2 (i) in alveolar an, 40 mm Hg (p 364) , (n) in arterial 

blood, 40 mm Hg (p 367) , (in) in venous blood, 46 mm Hg at rest (p 279), 
and higher during exertion (up to 60 or 70 mm Hg) 

Volumes of C0 2 per 100 c c of Blood In arterial blood the normal range 
is 45-56 c c , m the example given below it was just over 48 c c , in mixed 
venous blood at > est it is 4 c c higher, eg 52 c c , m mixed venous blood during 
severe exercise a further marked increase occurs, e g up to 65 c c 

The total C0 2 content of the plasma is nearly three times higher than that 
of the corpuscles 

CO„ is present in the blood m three forms 
(i) In simple solution to form H 2 C0 3 

(n) As bicarbonate, mainly NaHC0 3 m the plasma and KH C0 3 m the 
corpuscles 

v ui) Combined with haemoglobin to form carbammo-hcemoglobm m the 

1 See Peters and Van Slyke, Quantitative Clinical Chemistry, Interpretations, London, 
1932 Haldane and Priestley, Respiration, new edn , Oxford, 1935 Houghton, Physiol 
Rev, 1936, 16, 241 
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DISTRIBUTION OF C0 2 IN BLOOD 

corpuscles (and combined to a less extent with plasma protein to form a similar 
carbamino-protein) , ,, , 

( 11 ) and (m) form the combined C0 2 of uhe blood 

Full representative data for arterial and mixed venous blood at rest are 
given in the Table below, 1 which should be carefully studied 



Arterial Blood j 

Mixed 

Venous Blood 


Plasma 

Corpuscles 

Whole 

Blood 

Plasma 

Corpuscles 

Whole 

Blood 

Volume in c c 

60 

40 

100 

59 6 

t 

40 4 

100 

r- 

% Saturation of Hb 





75 


with 0 2 


96 




pH 

7 46 

7 12 


7 43 

7 11 


CO, pressuro in mm 

Hg 

40 

40 

40 

45 4 

45 4 

45 4 

CO, in solution in c c 

1 6 

08 

24 

1 8 

09 

27 


Gain in dissolved CO,- 


+ 02 

+ 01 

+ 03 



Total combined CO, 






y 

in c c 

34 1 

11 8 

45 9 

36 3 

13 1 

49 4 1 


Total Gain in Combined CO,-> 

+ 22 

+ 1 3 

+ 35 

CO, ns Bicarbonate 

33 1 

98 

42 9 

35 2 

10 5 

45 7 


Gain in CO, as Bicarbonate — »■ 

+ 21 

+ 07 

+ 28 

CO, ns Carbamino 







compound 

I 10 

20 

30 

1 1 

26 

37 

Gain in 

CO, as Carbamino 







+ 0 1 

+ 0 6 

+ 07 




Total CO, in all forms 

35 7 

12 6 

48 3 

38 1 

14 0 

52 1 

Total Gain in CO, in all forms->- 

+ 24 

+ 14 

+ 38 


Formation of Carbonic Acid Carbonic Anhydrase — The solution of 

COj in water to form H 2 C0 3 , i e C0 2 +H 2 0->H 2 C0 3 , takes place very slowly 
in pure water , the same is true of the reverse reaction, i e the evolution of 
C0 2 as a gas from its solution An enzyme is present m the red blood 
corpuscles called carbonic anhydrase which enormously accelerates both the 
solution and the evolution of C0 2 The enzyme is destroyed by heat and 
inhibited by poisons like cyanide The enzyme is not present m the plasma 
Carbon Dioxide Dissociation Curves — Important information about 
the behaviour of the C0 2 of the blood under different conditions of CO f 
pressure (c g those found m the alveolar air or in the tissues) can be obtained 
by determining the C0 2 content of blood at different C0 2 pressures , the 
results, when plotted, constitute CO, dissociation curves , the abscissa 
represents CO, pressure in mm Hg, the ordinate the volume of CO, m c c 
P er 100 c c of blood Curves are obtained for both reduced and oxygenated 
blood The blood is exposed to an appropriate senes of CO, pressures in a 
1 SUdio and O’Brien, J biol Chem , 1937, 117, 439 
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C0 2 DISSOCIATION CURVES 

glass vessel (tonometer) until pressure equilibrium is reached , for reduced 
blood the diluent gas in the tonometer is hydrogen, for oxygenated blood a 
mixture of hydrogen and oxygen is used (the latter at a pressure of 100 mm 
Hg which represents normal alveolar 0 2 pressure) The blood sample is 
treated with acid (N/10 lactic acid) m a Van Slyke blood-gas analysis apparatus 

and exposed to a vacuum The 
C0 2 of the blood, m whatever 
forms it is present (m combina- 
tion or in solution) is evolved 
and the volume measured Fig 
251 shows typical dissociation 
curves As the C0 2 tension is 
increased the total C0 2 content 
rises (i e more C0 2 is taken up) , 
as the C0 2 tension fallB the C0 2 
content falls ( i e less C0 2 is 
taken up) In a vacuum the 
Q0 2 content of blood is ml, i e 
all the contained C0 2 is given off 
completely It will be noticed 
further that at any given C0 2 
pressure, reduced blood takes up 
a larger volume of C0 2 than 
oxygenated blood , therefore 
under the conditions that exist 
m the body, reduction of the 
blood ( even without rise of CO* 
tension) increases the C0 2 up- 
take by the blood, conversely, 
oxygenation of the blood leads 
to the evolution of C0 2 The . 
straight line (dissolved C0 2 ) m 
Fig 251 shows the volume of 
CO 2 m simple solution at differ- 
ent CO 2 pressures The differ- 
ence between these values and the total C0 2 content represents the C0 2 
present m blood m combmation We must next consider in detail the 
combined forms of C0 2 m blood 

Carnage of C0 2 as Carbamino-Compounds — There is satisfactory 
chemical evidence that C0 2 combines with the ammo, % c the NIL,, groupings 
of haemoglobin. to form a compound called carbammo-hcemoglobin (m America 
it is known as carbhcemoglobin ) 1 

Hb NH a + C0 2 $ Hb NH COOH 

C0 2 combines m a similar manner though on a smaller scale quantitatively 
with the plasma proteins The combmation takes place directly between the 
free gas and the haemoglobin (or plasma protein) , it does not require previous 

1 This substance should not be confused with carbaxyhacmoglobin (better called carbon 
monoxy hcomoglobvn or carbonyUhcemoglobm), which is formed when carbon monoxide 
combines with hemoglobin (p 449) 



Fig 251 — C0 2 Dissociation Curves of Blood 

Continuous curves Lower curve “Dissociation curve of 
fully oxygenated blood , Upper curve “Dissociation 
curve of blood the hemoglobin of which is fully 
reduced 

A “Arterial point (40 mm Hg C0 2 pressure) 

V= State of blood which has been fully reduced In body 
and In which each 19 c c of 0 2 used has given rise 
to an additional 19 c c of C0 2 (BQ =1) 

AV “Dissociation curve of blood in body, when the increase 
of C0 2 content is accompanied by corresponding 
reduction of haimoglobin 

Vi = State of mixed venous blood at rest in the body (C0 2 
pressure 45 mm Hg) 

Straight line Dissolved C0 2 “C0 2 in solution 

Interrupted line Bicarb “Dissociation curve of bicaroon- 
ate solution (Modified from Christiansen Douglas 
and Haldane ) 
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solution of the C0 2 or the assistance of the enzyme carbonic anhydrase big 
252 shows the relationship between CO, pressure and C0 2 uptake by hiemo- 
dobin to form the carbammo-compound At C0 2 pressures above 10 mm Hg, 
Imnoglobm (either reduced or oxygenated) is almost completely saturated 
with CO, so that a rise of C0 2 pressure leads to little further C0 2 uptake m 
th ? form, the same bolds good for the carbammo-protem There is a striking 
difference, however, between the curves for reduced and oxygenated hemo- 
globin , at any given C0 2 pressure reduced bsemoglobm takes up about 5 c c 
of C0 2 (per 100 c c of blood) 
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more than does oxygenated 
haemoglobin The rise of 
C0 2 pressure in the tissues 
v ould thus not lead to any 
significant increase in C0 2 
uptake m the carbammo- 
form , but the simultaneous 
reduction of oxylnemo- 
globm which takes place 
considerably increases its 
aflmity for CO, and the 
amount of C0 2 with which 
it combines (curve AV, 

Fig 252) 

The Table (p 415) sets 
out these facts well , 100 
c c of arterial blood con- 
tain in the carbammo-form 

1 0 c c of COj m the plasma 
(ns carbammo-protem) and 

2 0 c c in the corpuscles 
(as carbaniino-lnEinoglobm) 
at a CO, pressure of 40 mm 
Hg In the mixed venous 
blood at rest the amount in 
the plasma as carbammo- 
protem onlj rises to 1 1 c c , 

Hint in the corpuscles as 
cnrlnnnno lueinoglobm rises to 2 6 c c owing to the simultaneous partial 
reduction of the hemoglobin from 95% saturation to 75% saturation with 0 2 
Yi lieu blood is fully reduced the amount of CO, as carbammo-hsemoglobm 
mai rise to 7 0 c c (per 100 c c of blood) 

Carnage of CO, as Bicarbonate —The rest of the combined CO, of 
the blood is present, mainly in the plasma, and to a much less extent m*the 
corpuscles, as bicarbonate When the properties of bicarbonate m simple 
solution m v nter are examined they prove at first sight disappointing (Fig 251, 
Bicarb ) , bicarbonate is found to be a comparatively stable substance which 
(unlike blood) is entire!} unaffected by variation of'CO, pressure within the 
ph\ sioiogical range or e\eu b) low pressures of CO, down to a few mm Hg 
Ihe onh change produced is the expected rise or fall of the volume of CO, 
dissoh ed m the water. In lacuo, however, bicarbonate does dissociate, though 


40 50 GO 70 

CO2 ( mm Hg ) 

252 — Carnage of C0 2 as Carbammo compounds 
(mainly Carbammo btemoglobm) 

Lower curie oxygenated blood Upper curve reduced 
blood 

A arterial point (oxjgcnnted hsmoglobin, 40 mm CO; 
pressure) 

V complete)} reduced venous blood under conditions in the 
body (full} reduced hemoglobin, 70 mm CO; pressure) 

CO; uptake as carbammo compounds during passage 
of blood through tissues where rise of CO2 pressure is 
associated with complete reduction of the luemoglobw 
(Drawn by Prof David Slome ) 


AV 
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C0 2 CARRIAGE AS BICARBONATE 

very slowly, giving off half its C0 2 content, the other half remaining combined 
with base as carbonate from which it can only be expelled by means of acid 

2NaHCO a ■$. C0 2 + Na 2 C0 3 + H a O 

In spite of these results, bicarbonate can be shown to play a very important 
part in C0 2 transport It must be remembered that blood contams many 
substances which can modify the behaviour of the bicarbonate It can be 
readily shown that the addition of haemoglobin or plasma protein to a bicar- 
bonate solution entirely alters its reactions to changes of C0 2 pressure , it 
now gives off or takes up C0 2 readily as the C0 2 pressure falls or rises , %n 
vacuo ikgiyes off its C0 2 rapidly and completely in the presence of haemoglobin, 
and almost completely m the presence of plasma protein 

Mode of Action of Blood Proteins — The mode of action of haemo- 
globin and the plasma protems can be explained very crudely as follows 
Blood is an alkaline fluid containing basic and acid radicals The base is 
first bound with the strong acid radicals, e g Cl, to form salts hke NaCl 
The base which is “ left over ” is shared between the two weak acids, namely, 
H 2 C0 3 and the protems (which act as weak acids in an alkaline medium), 
to form bicarbonate and proteinate respectively Enough base is not avail- 
able fully to neutralize these acids, and so we have left H 2 C0 3 , bicarbonate, 
“ proteic acid ” (protein actmg as acid=HPr), and protemate (protem 
combined with base=BPr ) There is constant competition between these 
two acids for base , the amount that each can obtain depends on the relative 
concentrations of proteic acid and H 2 C0 3 m the blood When the H 2 C0 3 
of the blood is increased, base is removed from the protem (usmg the term 
to include haemoglobin and plasma protem) and more bicarbonate is formed, 
and vice versa 

H 2 C0 3 + BPr BHG0 3 + HPr 

(Protein (Bicar (Protem 
4- base) bonate ) —base) 

The equilibrium is thus a very unstable one, and is disturbed by variations 
m the mass of the interacting substances «. . 

The protein chiefly under consideration is haemoglobin^ 'which is found in 
blood in both the reduced and the oxygenated form The isoelectric point of 
reduced haemoglobin is 6 8 , that of oxyhaemoglobm is 6 65 At the iso- 
electric point a protem umtes with neither acid nor base (p 131) On 
the alkaline side of the isoelectric point proteins behave as weak acids , 
the farther away they are from their isoelectric point the stronger is their acid 
character Their strength as acids can be measured by determining the 
amount of alkali they unite with The results of such observations are 
shown m Eig 253 It is seen that at any H + ion concentration oxyhaemo- 
globm umtes with more base than does reduced haemoglobin At pH 7 25 
(the normal reaction of blood) this difference can be expressed by representing 
oxyhaemoglobm as K 2 Hb0 2 and reduced haemoglobin as K x 3 H 0 7 Hb (The 
base bound with haemoglobin is potassium ) The oxidation of haemoglobin 
causes it to unite with more base which is taken from the bicarbonate , C0 2 
is consequently hberated and turned out from the blood Conversely, re- 
duction of the haemoglobin causes it to give up base which is made available 
to unite with CO, to form bicarbonate It follows that at any given CO ? 
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pressure, reduced blood will take up more C0 2 tlian does oxygenated blood 
This amplifies from another standpoint the information already elicited from 

a study of the dissociation curves tt nn 

In vacuo, all the dissolved C0 2 is evolved and the concentration of H 2 C0 3 
falls to zero , consequently the proteins of the blood (mainly the haemoglobin) 
remove all the base from the bicarbonate, and all the C0 2 so combined is 

IV EL off 

glV According to Yan Slyke the changes undergone by hemoglobin m the 
tissues can be represented thus 

(1) ILjHbOa-^+O 7H 2 C0 3 ;riK 1 S H 0 7 Hb + 0 7KHCO s 
[In the lungs the reaction is 

(2) K x 3 H 0 . 7 Hb + 0 2 +0 7KHC0 3 :£K 2 Hb0 2 + 0 7H 2 0 +0 7C0 2 ] 

It is seen that 0 7 molecule of C0 2 can be taken up from the tissues and 


transformed into KHC0 3 for every 
out any other assistance than the 
simultaneous reduction of haemo- 
globin and its consequent weaker 
hold on base This bicarbonate is 
then broken up by the oxygenation 
of the haemoglobin m the lungs 
(Equation (2)) If the R Q (C0 2 
evolved/0 2 used) is 0 7 the above 
mechanism is adequate for C0 2 
carriage But if the R Q is 1 
••there is an additional 0 3 molecule 
COj liberated (« 1 molecule C0 2 
for 1 molecule 0 2 ) The extra C0 2 
could, theoretically, be converted 
into bicarbonate by taking base 
from the haemoglobin and plasma 
proteins as follows 

i H 2 C0 3 +KHb^KHC0 3 +HHb 
u H 2 C0 3 +NaPr$NaHC0 3 +HPr 

In view of the enhanced affinity 
of reduced hcemoglobm for CO a to 
form carhammo-hcemogldbin, it is 
unlikely that this series of reactions 
is called upon to any significant 
degree 

Interchanges between the 
Plasma and Corpuscles — As ex- 
plained on p 7 the red cell mem- 
brane is permeable to the negatively 
charged anions (e g Cl', HCO ') a’ 


1 molecule 0 2 used (equation (1)) with- 



Fig 253 — Base binding Power of Oxy- and 
Reduced-Haemoglobin 

The ordinate represents atoms of base (K) which unite 
with one molecule of hemoglobin Abscissa, 
reaction of medium 

At the isoelectric point no union with base occurs The 
isoeiectnc point for Hb is 6 8, for Hb0 2 it is C 6 

At blood pH (7 25) each molecule of HbOj units with 
2 atoms of K, and each molecule of Hb with 1 3 
atoms Reduction of oxyhaemoglobm liberates 
0 7 atom of K per molecule This is available for 
union with C0 2 to form bicarbonate If more base 
is then taken from reduced haemoglobin, the pH 
moves to the left, % e the reaction becomes more 
acid (Peters and Van Sljke, Quantitative Clinical 
Chemistry, Interpretations, 1932 ) 


as 


’ ~ — 3 ) a nd to H+ 10 ns, it behaves, however, as 
W.+ 1 ™ impermeable to the other positively charged cations (eg 
' K ) When CO s enters the blood from the tissues there is only a small 
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CHLORIDE (BICARBONATE) SHIFT 


increase in the H 2 C0 3 content of the plasma (owing to absence of carbonic 
anhydrase), but there is a large mcrease of H 2 C0 3 in the corpuscles (owing 
to the presence of anhydrase) H 2 C0 3 then reacts with haemoglobin to form 
much additional bicarbonate , very little bicarbonate is formed primarily m 
the plasma As the HC0 3 ' concentration of the cells is raised it migrates out 
into the plasma , an equivalent amount of Cl' moves from the plasma mto 
the cell These reactions can be shown thus 


Plasma 


Na+ 



Red Cell 
H 2 0+C0 2 — >H 2 C0 3 

H 2 C0 3 +K Hb-*KE 

[C0 3 +H Hb 


K+ 

^ ’ 
Q 




These migrations can be proved experimentally If the C0 2 tension 
of whole blood is raised the chlonde of the plasma decreases, the chloride 
of the corpuscle increases and the plasma bicarbonate increases This is 
known as the chloride shift or Hamburger 'phenomenon , it might be better 
called the bicarbonate shift, so drawing attention to the physiologically 
significant aspect of the exchange Without this ionic exchange almost 
the entire uptake of C0 2 as bicarbonate would occur m the red cells , because 
of this exchange most of the C0 2 primarily converted into bicarbonate m the 
cells is transferred secondarily to the plasma to form NaHC0 3 

The Table on p 415 shows these facts quantitatively In the example 
given, 100 c c of arterial blood contained 33 1 and 9 8 c c of C0 2 as bicarbonate 
in plasma and corpuscles respectively , in the mixed venous blood the 
corresponding values were 35 2 and 10 5 c c The plasma has thus 
gained (chiefly through the ionic shift just described) 2 1 c c , and the 
corpuscles only 0 7 c c as bicarbonate The total uptake as bicarbonate 
was 2 8 c c 

When C0 2 is taken up more H 2 C0 3 is formed, and the H + ion concentration 
tends to rise , but this is largely compensated by the simultaneous formation 
of bicarbonate which gives rise to an excess of OH' ions , the reverse changes 
take place m the lungs The various reactions described above buffer the 
blood so effectively that the difference m pH between arterial and venous 
blood at rest is 0 01-0 02 As explained above, bicarbonate is readily 
formed in the corpuscles and thus their reaction is well protected ( primary 
buffering) The comparatively small direct formation of bicarbonate in the 
plasma means that primarily it is poorly buffered The outflow of HC0 3 ' 
from the corpuscles mto the plasma increases the bicarbonate content of 
the plasma and so preserves its normal reaction ( secondary buffering) 

The bicarbonate of the plasma has three functions (i) it acts as a meanB 
of C0 2 transport , (n) it is the alkali of the plasma (the reaction of plasma 
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depends on the ratio of H 2 C0 3 to BHC0 3 ) , (in) it is the alkali reserve which 
neutralizes any strong acids which enter the blood (p 92) 

C0 2 Dissociation Curve m the Body — The dissociation curves m Tig 
251 for” reduced and oxygenated blood represent somewhat artificial conditions 
In the body the uptake of C0 2 by blood as it passes through the tissues 
is accompanied by a simultaneous and corresponding evolution of 0 2 , 
similarly the evolution of C0 2 m the lungs is accompanied by oxygenation of 
the blood When 100 c c of blood are fully reduced m the tissues 19 c c of 0 2 
are evolved The amount of C0 2 
formed varies with the local re- 
spiratory quotient Taking the 
two extreme values for the R Q 
of 0 7 and 1 0, the C0 2 formed is 
13 3 c c and 19 0 c c respec- 
tively , for intermediate values 
of the R Q intermediate volumes 
of C0 2 are formed Thus with an 
R Q of 0 85 an additional 16 0 
c c of C0 2 are evolved The 
C0 2 content of fully reduced 
blood m the body (when the 
arterial C0 2 content was 48 c c %) 
would vary between 48 + 13 3 = 

61 3 c c at R Q 0 7, and 48 + 19 
= 67 cc at RQ 10, at R Q 
0 85 it would be 48 + 16 = 64 c c 
Inspection of Tig 254 shows 
that fully reduced blood with a 
C0 2 content of 67 c c has a C0 2 
tension of 70 mm Hg This 
point is marked off on the upper 
(reduced blood) curve and labelled 
V The point A on the (lower) 
oxygenated blood curve repre- 
sents the condition m the arterial 
blood The fine drawn from A 
to V represents the C0 2 dis- 
sociation curve of blood in the 

^ R an(i tiie nsin S C0 2 pressure and C0 9 uptake 

hSmoHlobm^The fa b “ g v ? 2 P ressure and progressive reduction of the 
p r e SSU re at 45 V n represents mixed venous blood at rest (C0 2 

P ilwi, Hg + an 0 2 saturation of haemoglobin of 75%) 

/ ° ehows the dissociation curves m the body when the R O i?07 

& % ! R V 0 K («r»e AY*) “ 1 l 

tte amaIIei 18 “ co 

blood 


SO 55 SO 65 70 

A C0 2 PRESSURE mm Hg 

Fig 254— CO 3 Dissociation Curves m the 
Body at Varying Values for the Respira- 
tory Quotient (Modified from DouglaB 
and Priestley ) 

This Figure is an enlarged and amplified reproduction 
of the central portion of Fig 251 (q v ) 

Upper curve dissociation curve of blood the hsemo 
globm of which is fully reduced 
lower curve dissociation curve of fully oxygenated 
blood (19 c c of Oz per 100 c c blood) 

The arterial point A, is at a C0 2 pressure of 40 mm 
Hg on the lower curve 

state of venous blood which has been fully reduced 
In the body at H Q =1 (C0 2 content is 48+19 = 
67 c c , CO 2 pressure, 70 mm Hg ) 
the same, at RQ 0 85 (CO 2 content is 48+16 = 
64 0 c , CO 2 pressure, 63 mm Hg ) 
the same, at RQ 0 7 (CO 2 content, 48+13 3 = 
61 3 c c , C0 2 pressure, 55 mm Hg ) 

(The line AV3 corresponds to the line AV in Fig 251 ) 


are 


V3 


V2 

vi 


(curve AV 3 ) The lower 

— 

% tension m completely reduced venous 
CO.^aSup*22)‘it a b ll, 8tUdlea V™!™ 041 ™ discnss.oa of 
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reduced venous point at an EQ of 0 85 (corresponding to the curve 
AV 2 in Fig 254), i e when the rise of C0 2 tension is associated with an equiva- 
lent reduction (deoxygenation) of the haemoglobin 

C0 2 Transport in the Body — (1) Interchanges in the Tissues — 
(l) Arterial blood reaches the tissues with a C0 2 tension of 40 mm Hg 
and a C0 2 content of 48 c c % The C0 2 tension m resting tissues is higher 
(about 46 mm Hg) , C0 2 m solution diffuses rapidly into the blood and the 
C0 2 tension in the venous blood rises (at rest) to 46 mm Hg , the C0 2 
content rises to 52 c c % 

(n) The reaction C0 2 + H 2 0 ->H 2 C0 3 takes place slowly m the plasma 
but very rapidly m the corpuscles owing to the presence there of carbonic 



Arterial Point 40 mm Hg CO 2 pressure , C0 2 content, 48 c c % 

Mixed Venous Blood at rest 45 mm Hg C0 2 pressure , C0 2 content, 51 8 c c % 

Fully Reduced Venous Blood (EQ =0 85) 63 mm Hg pressure C0 2 content, 

64 c c % (Drawn by Prof David Slome ) 

anhydrase The amount of H 2 C0 3 m solution (mainly in the corpuscles) is 
increased, and the equilibrium will be disturbed in its favour (Fig 256) 

(m) Base passes mainly from the haemoglobin and slightly from the plasma 
protein , fresh bicarbonate is formed Simultaneously, however, oxyhasmo- 
globm has yielded up some oxygen and has become partially reduced It 
has thus become a weaker acid with a feebler hold on base , the H 2 C0 3 is 
stronger Base is therefore taken, mainly from haemoglobin, to form bicarbon- 
ate (Fig 253) Most of the bicarbonate primarily formed m the corpuscles is 
secondarily transferred to the plasma (Hamburger shift) 

(iv) At the same time C0 2 combines directly with the partially reduced 
haemoglobin to form carbamino-hasmoglobm (and also with plasma protein) 
(Figs 252, 255) 

(v) As C0 2 is removed from solution in these various ways, room is made 
for more CO s to pass mto the blood from the tissues Venous blood at 
rest takes up about 4 c c % of C0 2 The Table on p 415 shows m detail 
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COe TENSION 
'46mm + 


the differences between arterial and resting venous blood The reactions 
involved are summarized m Tig 256 and tbe Table , below 

(vi) During exertion and in tissue 

activity generally, tbe local C0 2 j— ’ * 

tension is higher (eg 60-65 mm Hg) .T.ssne COzTENSION , 
and tbe venous C0 2 tension is corre- _J 

spondmgly raised Simultaneously '* t 

tbe oxyhsemoglobin is more exten- | _ (slow) 

sively reduced Larger amounts of C0 2 +H 2 0 ► h 2 co 3 

base are transferred, mainly from mhydrase) Na{U]- 

bsemoglobm, and a great increase in + NaPr NaH + Hp \ 

tbe bicarbonate formed occurs , at 

tbe same time more carbamino-baemo- _ ^ co 2 +KHb ► KHbC0 2 

globm is formed Tbe venous blood z ( Carbamino - 

may contain about 64 cc% C0 2 . .haemojlobm) 

(chiefly m combination) under these — ► C0 2 +H 2 Cr — *- H 2 C0 3 

conditions (cf Table below and Tig (Carbonic / 

256 for full details) Tbe dilatation anhydrase) / 

and increase in number of tbe capil- H 2 C 03 + KHb — ►HHb+K HCO 3 

lanes and tbe other circulatory changes ■*- - 

both local and general, help tbe taking _ _ , T , 

, nn xi. x-u Fig 256 — Diagrammatic Representation 

up of C0 2 m tbe same way as they of COj Up | ake by B l 00 d from Rest- 

aid tbe giving off of oxygen (cf m g Tissues 

p 413) 

( 2 ) Interchanges in the Lungs — ( 1 ) In tbe lungs, tbe venous blood (C0 2 
tension at rest - 46 mm ) is exposed to an alveolar C0 2 pressure of 40 mm 
Hg Owing to tbe difference of pressure on tbe two sides of tbe membrane, 
C0 2 passes out of tbe blood into tbe lungs The preliminary reaction 
H 2 C0 3 ->-H 2 0 + C0 2 is catalysed by carbonic anhydrase m tbe corpuscles 


1 (slow) 

T C0 2 +H 2 0 h 2 co 3 

(no carbonic Na p 

anhydrase) yL 

H 2 C0 3 + NaPr ► NaHC0 3 + HPr 

--*► C0 2 + KHb — ► KHbC0 2 

( Carbamino - 
haemoj'obinl 

co 2 + h 2 o '—*■ h 2 co 3 

(Carbonic / 

anhydrase) / 

H 2 C0 3 + KHb — ► HHb + k[hC0 3 ' 


Fig 256 — Diagrammatic Representation 
of CO, Uptake by Blood from Rest- 
ing Tissues 



GO, pressure 
0 , content % 

% Saturation of Hb 
CO, in solution % 

Total CO,% (all forms) 

GO, ub carbamino com 
pounds % 

CO, as Bicarbonate % 


Arterial Resting Venous 
Blood Blood 


40 mm 
19 0 c c 
95 

2 4 c c 
48 3 c c 

3 0 c c 
42 9 c c 


Fully reduced 
Venous Blood 
(R Q =0 85] 

45 4 mm 63 mm 

15 0 c c 0 c c 

75 0 

2 7 cc [+0 3 ] 39cc [+ 15 ] 

52 1 c c [+3 8 ] 64 4f + 15m solution 


3 7 c c [+0 7] 
45 7 c c [+2 8 ] 


+ 14 6 m combination J 

80 cc [+5 0] 

525 cc [+9 G] 


As previously pointed out (p 367), C0 2 diffuses very rapidly through tbe pul- 
monary epithehum, so that a pressure difference of 6 mm Hg is quite sufficient 
to enable the appropriate amounts of CO, to be evolved Tbe CO- pressure 
m the alveoli does not me m spite of tbe addition of C0 2 , which is being turned 
out from tbe blood, because tbe bre&thmg is regulated at a level which is 
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sufficient to wash out as much C0 S as is coming out from the blood The 
C0 2 tension m the blood, when artenalized, falls to 40 mm Hg, i e pressure 
equilibrium with the alveolar air is attained The amount of H 2 C0 3 m solu- 
tion m the blood is therefore diminished and its “ mass action ” is reduced 

(n) The blood has meanwhile become oxygenated , oxyhsemoglobm is 
formed, which is a stronger acid with a greater avidity for base than reduced 
haemoglobin The equilibrium is thus disturbed m favour of the proteins 
of the blood They take base from the bicarbonate and form more hsemo- 
globmate (and, slightly, protemate) The C0 2 which has been deprived of 
its base cannot remain m the blood, which already holds as much C0 2 as it 
can in solution, and consequently it must pass out into the lungs 

(m) At the same time carbammo-haemoglobm releases its C0 2 owing to 
the simultaneous oxygenation of the haemoglobin 

(iv) As the bicarbonate of the corpuscles is disintegrated and C0 2 is 
evolved, the Hamburger shift is reversed Bicarbonate migrates from the 
plasma to the corpuscles , H 2 C0 3 is formed which gives off its C0 2 owing to 
the action of carbonic anhydrase , chloride returns from the corpuscles to 
the plasma 

(v) Very little direct evolution of C0 2 from bicarbonate takes place m the 
plasma for two reasons 

(a) owing to the absence of a potent competmg protem , 

(b) any H 2 C0 3 formed is further handicapped m giving off its C0 2 because 
of lack of carbonic anhydrase The liberation of the combined C0 2 of the 
plasma thus takes place in the following stages 

(a) migration of HC0 3 ' from the plasma into the corpuscles to unite 
with the available K+ (freed by Cl' shift) to form KHC0 3 , 

(b) interaction of KHC0 3 with oxyhsemoglobm to liberate H 2 C0 3 , 

(c) liberation of C0 2 from H 2 C0 3 by carbomc anhydrase , 

( d ) passage of free C0 2 from the corpuscles back into the plasma and 
thence into the alveoli of the lungs About 4 c c of CO, are given off m the 
lungs by 100 c c of blood at rest and more during activity 

Inter-relation of 0 2 and C0 2 Transport — Reduction of the blood 
mcreases C0 2 uptake , conversely, C0 2 uptake helps the expulsion of 0 2 from 
the blood, le it shifts the 0 2 dissociation curve to the right Oxygenation of 
the blood increases expulsion of C0 2 r , loss of CO ffrom the blood has, how- 
ever, little effect on 0 2 uptake m the lungs 

H3emoglobm=H8em-pClobin 

Haem may be represented as Por Fe ++ (pp 93, 174) , globm as 


/NH 2 

R/ (to indicate the presence of ammo and carboxyl groupings. 1 

X COOH r y NH 2 -1 

:} 


Oxyhsemoglobm = Por Fe ++ 0 2 


0 2 and with base (K) 


[< 


, i e it is combined with 


COOK. 

r /RHCOOH-j 

Reduced haemoglobin = Por Fe ++ R^ > te V ^ as g aine ^ 

L \COOH J 


C0 2 to form a carbammo-compound and has lost both 0 2 and base (K) 


1 Note m the equations that oxygen combines with ham, while CO t is earned by the 
glob\n part of the haemoglobin molecule 
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COj+ Por 


Fe ++ 0 2 t 


,NH COOH-1 

r/ +0,+ KHCO s 

\COOH J 


The changes m the tissues can he shown thus 

F6++ [ 

Decompression Sickness This term is apphed to the syndrome which 
is produced when the external pressure is rapidly and markedly decreased 
The condition may occur in two sets of circumstances ( 1 ) when a high 
external pressure (several atmospheres) is suddenly lowered to normal 
( 11 ) when a normal external pressure is suddenly reduced to a very low level 

(1) The first group to be considered includes deep divers and workers in 
caissons (steel chambers which are sunk in water and filled with compressed 
air), who are exposed to the effects of raised atmospheric pressure At this 
stage there is little discomfort except temporary giddiness and noises m the 
ears The breathing and pulse 
are slowed and there is frequency 
of micturition Symptoms appear 
when rapid decompression takes 
place, t e when the subject re- 
turns to normal atmospheric 
conditions , they may set in 
immediately or after some hours 
The common symptoms are 
pain m the limbs which cause 
the victim to double up m 
anguish (the “ bends ”) and a 
choking sensation (the “ chokes ”) 

In severe cases there is extensive 
paralysis, e g from the waist 
downwards There may be signs 
of circulatory failure and cyan- 
osis , m very bad cases death may occur in a few minutes 

These symptoms can be readily accounted for Under high atmospheric 
pressure, excess nitrogen (and oxygen) are taken up m solution On rapidly 
reducing the pressure, nitrogen is evolved from solution and aggregates into 
bubbles , the mechanism of bubble formation is obscure The volume of 
gas evolved in any region depends on the solubility of the gas in the tissue 
Nitrogen is about five times as soluble m fats (e g adipose tissue and lipoids 
of the central nervous system and peripheral nerves), as in water Wherever 
bubbles appear they tear the local tissue, press on or damage nerves, or block 
small blood vessels The bends are probably due to damage to tissues 
surrounding the joints In severe cases, bubbles form m the central nervous 
system, especially in the spinal cord at the junction of the white and grey 
matter (Fig 257) , it is thought that general circulatory failure is caused by 
bubbles accumulating in the blood m the heart, the resulting frothing pre- 
expulsion of the blood from the ventricles into the great vessels 
Bubbles may also appear m the cerebrospinal fluid, the pressure of which may 
rise by Borne 3 cm H 2 0 The excess oxygen which is evolved is used by the 
tissues and causes no trouble 



This shows the distribution of the gas bubbles which are 
formed in the spinal cord during decompression 
(Haldane and Priestley, Respiration, 193B ) 


1 Catchpole and Gersh, Physiol Rev , 1947, 27, 360 
Preventive Aspect*, London, 1948 

14 * 


Fulton, Aviation Medicine m it* 
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To prevent the onset of the symptoms the pressure in the caisson must 
be reduced m stages to enable the dissolved nitrogen to be gradually given 
off If symptoms appear, recompression must be carried out at once 

The syndrome described above, as it occurs m caisson workers, is often 
called caisson disease or compressed air sickness, although, as already explained 
it is not the compression but the decompression which causes the trouble 
(2) The second group mcludes 

( 1 ) Aviators who ascend very rapidly from sea level to a great height , 
m consequence the mtrogen normally present m the body fluids is evolved 
from solution If they breathe oxygen for 3-4 hours before the ascent, they 
can eliminate most of this mtrogen via the lungs They can subsequently 
ascend at a rate of 5000 feet per minute to 37,000 feet without showing 
symptoms of decompression sickness 

(n) Subjects who are experimentally exposed to a low pressure m a 
decompression chamber 

(in) People flying at great heights in aircraft with pressurized cabins , 
if the cabin bursts they are mstantaneously exposed to extremely low pressures 
(“ explosive decompression ”) In this group the symptoms are due to anoxia 
combmed with the effects of decompression 

Nitrogen Poisoning — When air is breathed at 8 5-10 atmospheres pressure, 
signs of mental deterioration set in rapidly owing to the narcotic action of 
nitrogen at these pressures , the symptoms are not produced by mixtures of 
oxygen-}- helium at the same pressure 


SKELETAL MUSCLE 1 MUSCULAR EXERCISE 

Constituents of Muscle — The principal constituents of skeletal muscle 
are 

(l) Water, about 80% 

(u) Protein (17%), chiefly myosin and actm , these two protems acting 
together ( acto-myosm ) are beheved to be the contractile elements, the change 
in the configuration or in the arrangement of the molecules being responsible 
for muscular contraction or relaxation Associated with myosm is an enzyme, 
adenosine triphosphatase ( ATP-ase ) which acts on adenosine fnphosphate 
(ATP) breaking it down to adenosme diphosphate (ADP) There are many 
other protein enzymes and their organic (non-protein) coenzymes m muscle 
(as m all other tissues) which are responsible for the many complex chemical 
transformations that take place there 

(in) Glycogen (in concentrations up to 1%) represents a readily available 
reserve of energy that is called upon during muscular activity It cannot 
be directly transformed into blood sugar and is not utihzable for the rehef 
of hypoglycemia During its breakdown (“ dissimilation ”) it gives nse to 
numerous intermediaries, many of them combmed with phosphate, as 
detailed on p 846. Muscle can also utilize the ketone bodies reaching it m 
the blood (from the liver) as a source of energy Other undetermined substrates 
may also be used 

1 Barer (Structure of Muscle fibre), Biol Rev , 1948, 23, 159 Symposium on Muscular 
Contraction, Ann N 7 Acad Set , 1947, 47, 665-930 (including Dynamics, Ultra- 
structure, Chemistry, Mechano chemical Coupling) Mommaerts, Muscular Contraction , 
N Y , 1950 Szent-Gyorgyi, Chemistry of Muscular Contraction, 2nd edn ,NY, 1951 
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(iv) Adenosine triphosphate (ATP) as illustrated in Fig 553, two of the 
three phosphate bonds are high-energy phosphate bonds (indicated by the 
symbol /~ph) ATP is the immediate source of energy of muscular activity , 
one of its two high-energy phosphate bonds is rapidly spbt off by the enzyme 

ATP-ase leaving ADP , 

(v) Creatine phosphate (average concentration 0 5%) its one phosphate 
group also carries a high-energy bond , this substance thus serves as a 
convenient storehouse of energy which is called upon when necessary to reform 
ATP from ADP (p 843) 

(vi) There are a number of specific muscle constituents to which no 
function has as yet been assigned , a striking example is carnosme (/halanyl- 
histidme) 

Cause of Muscular Contraction and Relaxation 1 — The arrival of a 
nerve impulse at the motor end-plate releases acetylcholine (p 513) which 
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in t urn sets up the end-plate potential (p 512) When this attains a critical 
magnitude it sets up m the muscle fibre a propagated action potential which 
is followed by mechanical and chemical changes Muscular contraction may 
be isometric (development of tension without shortening) or isotonic (develop- 
ment of tension plus shortemng) , contraction is followed by relaxation 
The mechanical changes are due primarily to alterations m the state of the 
two proteins, myosin and actm (acto-myosm) Thus acto-myosm has been 
extracted from muscle m the form of threads which m vitro can be made to 
contract by adding ATP to a medium containing a suitable concentration of 
Mg++ or K+ ions Contraction may be due to an alteration in the configura- 
tion of the protein molecules, e g the ammo-acid groups may become folded 
up on themselves as shown in Fig 258 , alternatively, it has been suggested 
that the protein molecules are dispersed in the relaxed state and become 
closely packed together and interlocked during contraction 

Two views have been expressed about the nature of muscular activity 
(i) That muscular relaxation is the active phase of the cycle The state 
1 Symposium, Hill ei al , Proc roy Soc B , 1950, 137, 40 Hill, \bid , 268 
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of the relaxed muscle is likened to a pulled out taut spring , energy must 
be applied to produce and maintain this condition Contraction is attributed 

to an undefined agent 
which permits the “ spring ” 
to recoil The potential 
energy which was stored by 
the muscle during “relaxa- 
tion ” is expended during the 
succeeding contraction m 
varying proportions as work 
and heat On this hypothesis 
heat could be liberated during 
and after contraction but not 
before it 

(n) That muscular con- 
traction is the active phase 
of the cycle On this 
hypothesis some chemical 
changes occur first which 
release energy that is used 
m causmg development of 
correct heat might be evolved m 



Fig 258a — Tune Relation between Heat Production 
and Development of Tension (Hill, Proc roy 
Soc B , I960, 137, 269 ) 

Tortoise musole at 0° C Abscissa time after stimulus — shock 
in seconds Ordinate left, heat evolved In miUicaloriea 
per g , right, tension in g 
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tension or shortening If this view is 
stimulated muscle before the rise of tension 

The decisive experiment consists m determining the exact time 
relationship between the first appearance of heat and of tension in 
stimulated muscle Observations 
have been made on stimulated 
tortoise muscle cooled to 0° C in 
which the course of events is greatly 
slowed down and thus more readily 
followed It is found that the evolu- 
tion of heat begins before the 
mechanical response indicating 
that muscular contraction is the 
active phase of the cycle (Fig 
258a) 

Chemical and Energy 
Changes associated with 
Muscular Activity — These 
are worth studying for their 
own sake, though as has been 
emphasized their relationship to 
muscular activity is obscure 1 
Some of the reactions to be 
described occur as readily m the 
absence of oxygen ( ancerobically ) 
as they do m the presence of 
oxygen ( cerobically ) , others can 
oxygen 

1 Hill “ A Challenge to Biochemists,' 


KETONE BODIES ■ 


OTHER 

SUBSTRATES 


C0 2 +H 2 0 


CREATINE 
v PHOSPHATE 

N K 

CREATINE 


\ 

\ 

\ 

i 

i 

i 

i 

i 

i 

/ 

/ 


Fig 


259 — Summary of Chemical Changes in 
Muscular Activity 
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only take place m the presence of 
Btochem Btophys Acta, 1950, 4 , 4 
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The following are the principal known chemical reactions associated with 

muscular activity (Fig 259) 1 /atvd\ 

(1) Adenosine Triphosphate (ATP)— > Adenosine Diphosphate (ADr) 
—The initial event is the breakdown of adenosine triphosphate (ATP) to the 
diphosphate (ADP) The specific enzyme involved is adenosine triphosphatase 
(ATP-ase) which is found in association with myosin , high-energy phosphate 
bonds (^ph) are released (p 843) 

ATP-^ADP+~ph 

The above reaction provides “ bond energy ” which is m some unexplained 
way responsible for contraction This reaction can occur anaerobically 

(2) Breakdown op Creatine Phosphate — The next event is the 
breakdown of creatine phosphate to yield creatme and a high-energy phosphate 
bond The latter is apphed to ADP, steadily rebuilding it into the higher 
energy state of ATP, thus 

Creatme Phosphate->Creatme+~ph 

~ph+ADP-*-ATP 

This reaction can occur anaerobically (p 893) 

As a result of reactions (1) and (2) adenosine triphosphate is always 
available to supply energy for muscular activity until all the creatme 
phosphate has been finally broken down to creatine 

(3) Breakdown op Muscle Glycogen — The stages m the breakdown 
of muscle glycogen (and of the glucose taken up by the muscle from the 
blood) are fully described on p 846 At various stages m the “ dissimilation ” 
process, more high-energy phosphate bonds are generated which serve to 
restore creatme to creatme phosphate Thus 

Glycogen->lower intermediaries + <~ph (as ATP) 
<~ph-fCreatine->Creatme Phosphate 

Under anaerobic conditions, glycogen breaks down as far as pyruvic acid, 
which acts as an “ intermediate hydrogen acceptor,” i e it takes up hydrogen 
from reduced coenzyme-I (Co-I 2H) produced m an earlier reaction, and 
becomes lactic acid (cf p 849), e g 

CH 3 CO COOH+Co-I 2H-»CH 3 CH(OH)COOH+Co-I 

(Pyruvic acid) (Lactic acid) 

It is clear, therefore, that skeletal muscle can function normally, 1 e 
contract and relax, for some time m the complete absence of oxygen 
Fatigue, however, sets m rapidly 

Lactic Acid — ( 1 ) If isolated muscle is stimulated to fatigue m an atmos- 
phere of nitrogen (anaerobically) lactic acid may accumulate up to con- 
centrations of about 0 4% and equivalent amounts of glycogen disappear 

( 11 ) It must also be emphasized that m the mtact person when the muscles 
arc contracting maximally under conditions of natural blood flow, the oxygen 
supplies (though enormous) cannot be mcreased to the full extent demanded 
by the work of the muscle , m these conditions (m one sense aerobic, but m 
relation to need, really anaerobic) lactic acid likewise accumulates in the 

a pliTot 1 ^(Gibtxm 9 )^ 65 But " 1 PaBS sllghtly ’ 1 am not fond of repeating words like 
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muscles and diffuses out into the circulation and throughout the body fluids 
In the hver (and perhaps m the heart) it is reoxidized to pyruvic acid , it 
thus re-enters the citric acid cycle and is subsequently reconverted into 
glycogen or glucose 

(in) If isolated muscle which has been fatigued anaerobically is exposed 
to an atmosphere of oxygen , the lactic acid is reconverted into pyruvic which 
enters the Krebs cycle (p 851) and is broken down finally to CO a and water, 
releasing additional energy which is available for restoring ATP and creatine 
phosphate , the breakdown of ATP to ADP releases the energy which directly 
“ drives ” the muscle It is clear, therefore, that isolated muscle can perform 
a greater total amount of work under aerobic than under anaerobic conditions 
Similarly m the body, the maximal available oxygen supphes set an upper 
hmit to the amount of work that can be done m a given time (cf p 439, where 
the “ oxygen debt ” is considered) 

(4) Other Chemical Reactions — Carbohydrate is not the only food- 
stuff available for muscular work There is evidence that muscle can 
“ dissimilate ” ketones (derived from fats) and other undetermined substrates 
It is a matter of indifference to the muscle what the remote sources of energy 
are so long as that energy can “ feed ” and maintain the ATP mechamsm 
Thus either glycogen (or glucose) or fat (as ketones) or both can serve as 
the more remote sources of energy for muscular activity Glycogen has the 
advantage over fat that it is stored m the muscle during periods of rest in 
considerable quantities and can be immediately used, while fat may have 
to be mobilized from the depots and always has to be broken down m the 
liver to ketones before it can be used by the muscle 1 

When muscular activity comes to an end, energy continues to be released 
from foodstuffs ( 1 ) to recombine all the creatine with phosphate groups to 
reform the energy reserve of creatine phosphate , (n) to rebuild glucose taken 
up from the blood to the higher eneigy level and the insoluble, storable form 
of glycogen The muscle is then fully charged up for future activity 

The respiratory quotient of isolated muscle is less than umty suggesting 
that even under these conditions substrates m addition to carbohydrates 
are undergoing oxidative “ dissimilation ” 

Changes of H+ Ion Concentration During Muscular Activity — The 
hydrolysis of creatine phosphate yields creatine (which contams the highly 
basic substance guanidine), and a weak acid, phosphoric acid The anaerobic 
oxidation of glycogen gives rise to lactic acid When stimulated under 
anaerobic conditions, muscle becomes first more alkaline, presumably because 
of the considerable formation of creatme ; ~ later the reaction becomes more 
acid as more lactic acid appears These observations prove that the change m 
H + ion concentration m the muscle cannot be an essential causal factor in the 
mechamsm of contraction 

1 Hill has measured the osmotic pressure of muscle under various conditions Besting 
frog’s muscle has an osmotic pressure equivalent to that of a 0 72% NaCl solution If the 
muscle is stimulated in an atmosphere of nitrogen the osmotic pressure increases pro 
portionally to the energy liberated , m utterly fatigued muscle the osmotic pressure may 
be equivalent to that of a 1 07% NaCl solution, i e there has been a 50% increase m the 
number of osmotically active particles in the muscle After every allowance has been 
made, the known chemical reactions are said to account for not more than 75% of the 
measured increase m osmotic pressure Hill concludes that other unknown reactions of 
considerable magnitude must be taking place during activity 
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Fatigue —The cause of fatigue m directly stimulated isolated muscle is 
unknown Fatigue resultmg from stimulation of the nerve of a nerve-muscle 
preparation is due to some change at the motor nerve endings, possibly 
failure of the mechanism normally concerned with the release of the trans- 
mitter, acetylcholine (p 513) The fatigue of muscular exercise m man is 
considered on p 438 

Heat Production in Muscle If a muscle is stimulated to contract 
isometncally, u by pulling agamst a spring which it cannot overcome, the 
length of the fibres remains unaltered, but the tension m the muscle increases 
All the energy of the chemical changes is converted into heat, which can be 
measured by means of a sensitive thermopile 

If the muscle is stimulated isometncally in the absence of oxygen ( ance - 
robically), heat is evolved Some is evolved during the twitch, as shown m 
Fig 258a , this constitutes the initial heat A further much smaller amount 
is liberated for 1—2 minutes after the bout of activity is over, the so-called 
ancerobic delayed heat If the muscle is stimulated in the presence of oxygen 
(mrobically) the initial heat (during the twitch) is identical m amount with 
that liberated under anaerobic conditions , but now a large amount of heat 
is also hberated after the end of contraction-relaxation, the oxidative delayed 
heat These facts are expressed roughly quantitatively m the following 
Table (heat values are m arbitrary units) 



Initial Heat 

Delayed Heat 

Oxygen absent 

3 

0-1 

Oxygen present 

3 

3 


The course of heat production during isometric contraction followed by 
relaxation is well seen in Fig 258a The heat is derived from the energy 
hberated by the chemical changes detailed on pp 428 et seq (The effects 
of this hberated heat on body temperature are dealt with on p 474 ) 

Work of Muscle — When a muscle contracts isotomcally, i c when it is 
permitted to shorten and move a weight, work is done The possible mechan- 
ism responsible for the development of tension or of shortening was considered 
on p 427 


rp, , energy converted into work , 

ine ratio — — ■= p-r — — ; represents the mechanical 

total energy hberated 

efficiency In the case of isolated muscle under optimum conditions about 
40% of the total energy of the chemical changes which occur is converted 
into work 


In the human subject lower figures are obtamed m an athlete the 
mechanical efficiency is about 25-30% , m an untrained person, it is 20-30% 
With each kind of work there is an optimum rate of contraction at which the 
movement is earned out with a maximum efficiency (cf Fig 265 and p 442) 

1 Hill, Proc roy Soc B , 1949, 136, 195-254 
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Circulatory Changes in Muscular Exercise 1 — 1 Local Changes m 
Active Muscle. — The circulatory adjustments m human muscles resulting 
from local activity can be determined by studying the volume and blood flow 
changes m the forearm (which is 85% muscle) during and after clenching the 
fist for varying periods and for a varying number of times 
t (1) Blood Content Changes —As the volume of muscle fibres is not 
decreased during contraction, any change in the volume of a muscle (recorded 
with the plethysmograph) must be due to alterations in its content of blood 
(or interstitial fluid) Muscle volume changes thus reflect changes (active or 
passive) m the calibre of the muscle vessels , they do not measure variations 



A Forearm volume changes measured by simple plethysmography Strong fist-clench maintained for 
60 sec (signal line, exercise) Time in 10 sec 

B Forearm blood flow (in c c /100 c c of forearm volume) measured by " occlusion plethysmography ” 
C= strong clench of fist maintained for 1$ mm Time in minutes Slight increase in blood flow during 
contraction , marked and sustained increase in blood flow after the contraction is over 

m the blood flow through the muscle which must be independently 
determined Fig 260, A shows that when the muscles contract, the volume 
of the forearm initially decreases , this is due to compression of the intra- 
muscular veins and expulsion of their blood centnpetally If the contraction 
is maintained the volume of the forearm progressively increases , this is due 
to dilatation of arterioles and capillaries taking place owing to the action 
of locally formed products of metabolism (metabolites) and m spite of the 
handicap of raised muscular tension When the muscles are relaxed their 
volume rises further, displaying the full vasodilatation which is now unimpeded 
by external compression If the contractions are repeated several times 
(Fig. 261) it is found that each contraction temporarily diminishes the muscle 
volume (j e blood vessel calibre) to some extent , the volume mounts pro- 
gressively, however, during each interval of relaxation, demonstrating that 
local vasodilatation ib becoming progressively greater 

(2) Blood Flow Changes — The resting blood flow in human muscle is 
very low, te 1-4 cc per 100 c c of muscle Luring a bnef period of 

1 Bainbndge (ed Bock and Dill), Physiology of Muscular Exercise, London, 1931 
Schneider, Physiology of Muscular Exercise, London, 1933 
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sustained contraction it may rise comparatively little , but during tbe sub- 
sequent relaxation it increases markedly (Fig 260, B) These experiments 
show clearly that broadly speaking (as m heart muscle, p 238) the skeletal 
muscle veins are emptied during contraction and that the arteries and veins 
fill during relaxation The arterioles are dilated to a degree which is pro- 
portional to the seventy and duration of the activity, the full measure of 
dilatation being manifest immediately activity comes to an end Fig 262 
shows, for example, that after exercise of 4 minutes’ duration the blood flow 
may be 33 c c per 100 c c of arm per minute, equivalent in this example to 
30 times the resting value The vasodilatation and high blood flow subside 
comparatively Blowly, and 10-15 minutes may elapse before resting conditions 
are restored This implies that the metabolites released dunng activity are 


relatively stable and are re- 
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deal adequately With the needs forearm volume changes measured by simple plethysmography 
J r , , C— clench fist for 10 sec Time In 10 sec 

ox small masses of contractmg 

muscle , the weight of the forearm muscles is about 500 g., so that the 
highest blood flow recorded m Fig 262 represents a total flow of only 
150 c c per minute, which is a small dram on a total cardiac output of 
5000 c c When the muscular activity is very widespread and of maximal 
violence the local vasodilatation may be greater and anyway involves 
a far greater total blood flow To take an extreme case a blood flow 
of 30 c c per 100 g to tbe entire muscle mass of 40 kg (m man) represents 
12,000 c c of blood flow per minute To achieve muscle blood flows of this 
order of magnitude, widespread circulatory adjustments are needed 

2 General Circulatory Reactions — The principal circulatory reactions 
may be tbus summarized 


(1) Venous Return — There is a greatly increased venous return which 
is due to (i) vigorous muscular contractions, aided by the valves m the 
veins , (u) increased depth and frequency of respiration , (in) rise of capillary 
and venous pressure which is m part due to arteriolar dilatation 

(2) Increased Cardiac Output (cf p 279) — The increased venous 
return is disposed of by a greatly increased cardiac output (on the right side) 
which is brought about as follows 

(i) By an increase in the rate of the heart to 150 or over per min ute 
owing to 
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(a) Impulses from the higher centres 

(b) Venous reflex, set up as a result of the raised pressure m the great 
veins (p 272) , this is probably the principal factor concerned and increases 
the heart rate in proportion to the nse in venous return 


cc 



‘A % I \'A Z 3 4 5 7 9 II 15 15 


(c) Rise of C0 2 tension act- 
ing directly (and reflexly) on 
the cardiac centre (p 274 and 
Fig 181) 

( d ) Rise of temperature 
acting on the cardiac centre 
and the smo-auncular node 
(p 274) 

(n) By an increase m the 
output per beat (the stroke 
volume) up to perhaps 200 
c c , the greater venous fillin g 
produces a greater stretch of 
the heart muscle fibres at the 
beginning of systole (p 275) 

The cardiac output may 
reach 30 or even 40 litres per 
minute, ic it is increased 
sixfold or more 

(3) The Left Side of the 
Heart receives the whole of 
the right cardiac output, and 
its output is equally increased 

(4) Redistribution of 
the Blood — The blood is 
redistributed so that a greater 


Minutes after end of Exercise proportion 18 sent to the 

Fig 262 — Arm Blood Flow following Exercise active regions The arterioles 
(Drawn from data of Grant, Glm Sci , 1938, of the splanchnic area and 
3 > 168 ) skin are initially contracted, 

Blood flow measured by “occlusion plethysmography" o-nrl t.lip hlnnrl divprtpd 

Limb volume, 700 c c Initial restmg blood flow, 0 9-1 4 anCL , ® D "r Q 13 , CI ^ 

c c /100 c c Exercise consisted of strong fist-clench for mainly to the muscles and 
0 5 sec, followed by interval of! sec Duration of period I'WIipti flip lindtr fpm- 

of exercise (shown on each curve) 5', 20', 40', 4 min nearb ( W Ben W1C DOay tem 

perature rises m violent exer- 
cise the skm vessels are dilated agam to facilitate heat loss (cf p 474) ) The 


redistribution is effected as follows 


(i) The vasomotor centre is stimulated by~(o) impulses from the higher 
centres , ( b ) perhaps reflexly from the active muscles , (c) by the increased 
C0 2 tension (p 309) It will be recalled that the vasomotor fibres pass chiefly 
to the splanchnic and cutaneous arterioles 

(n) Peripherally, (a) metabolites are the mam factors involved and they 
dilate the arterioles in the muscles (p 433) , (6) adrenaline, which is secreted 
m times of stress (p 731), constricts the arterioles which have a marked vaso- 
motor supply (skm and splanchnic area) and directly dilates muscle vessels 
The blood flow to the brain ib perhaps increased as it is chiefly dependent 
on the general level of blood pressure, which is raised The blood supply 
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to the heart is enormously increased for reasons discussed m detail on 
p 238 

The entire circulatory system is coordinated to one mam end, te to 
increase as far as possible the blood flow through the active tissues This 
result is attained by the nice cooperation of a large number of factors the 
respiratory and muscular “ venous pumps,” the heart, the vasomotor nerves, 
and peripherally actmg chemical dilator agents 

(5) Blood Pressure — The blood pressure rises, e g to 160 or 180 mm 
Hg As the output of the heart increases threefold or even sixfold, one would 
expect the blood, pressure to rise m the same proportion The fact that the 
observed rise of blood pressure is relatively small shows that the total peri- 
pheral resistance m exercise is decreased, i e the dilatation of the muscle 
vessels far outweighs the constriction of the splanchnic area and skin 

(6) Capillaries — The muscle capillaries are dilated, and many which 
were previously closed become patent owing to the action of metabolites 
(p 320) This does not alter the volume of blood flowing through the muscle 
in unit time, but it decreases the linear velocity and, as has been pointed out 
(p 413), this provides more time for the all-important gaseous interchanges 
between the blood and the tissues 

Hmmo-Respiratory Changes — The principal points to be considered 
are (l) pulmonary ventilation , (u) oxygen consumption , (in) C0 2 output , 

(iv) ratio of C0 2 output/0 2 consumption, i e the respiratory quotient , 

(v) changes in the blood, especially its reaction and gas-carrying properties 
The changes must be reviewed (l) m moderate and m very severe exerciBe, and 
(n) during the exercise and after it has come to an end We will further 
have to consider broadly how the vast amounts of oxygen which are needed 
by the active muscles are supplied to them and how the CO a formed is 
removed and finally expelled from the lungs 

The size of the respiratory problem is indicated by the following data 
the 0 2 consumption m severe exercise may be raised from 250 c c to 4000 c c 
per mmute (i e sixteenfold) , the C0 2 output in some phases of violent 
exercise may go up from 200 c c per mmute to nearly 10,000 c c (»e about 
fiftyfold) 

Varieties oe Exercise — (1) The term “ very severe exercise ” is used 
with reference to muscular activity which by reason of its severity can only 
be kept up for a very short time , examples of this are a 100-yards or quarter- 
mile race at top speed , at the end of such a race the runner is completely 
exhausted From the physiological point of view the characteristic feature 
of this form of exercise is the inability of the haemo-respiratory systems to 
supply the muscles during the period of exercise with all the oxygen they 
require for their tremendous level of activity A so-called oxygen debt is 
incurred (p 439), i e & large volume of oxygen has to be absorbed after the 
exercise is over to dispose of metabolites which accumulated m the muscles 
urmg activity because of their relatively anoxic state 

( ) Moderate exercise ” is of a kind that can be kept up for long periods, 
c 9 vigorous walking at 5 miles per hour or steady running Such exercise 
may involve a considerable measure of exertion and necessitate extensive 
remo-respiratory adjustments Its outstanding physiological feature is the 
V the body to supply the active muscles with practically all the 

ygen tiiat they require immediately it is wanted and to a degree which is 
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proportional to the level of activity These points are further discussed 
below 

Metabolic Studies on Exercise in Man 1 — The resting oxygen con- 
sumption and the C0 2 output are first determined by means of the Douglas 
bag techmque The expired air is then collected during and after exercise, 
and the gaseous exchanges again determined The metabolism over and 
above the resting level can thus be calculated, and is termed the excess 
metabolism of exercise 

Moderate Exercise.— (1) Pulmonary Ventilation — T he pulmonary 
ventilation is increased to a degree which is proportional to the severity of 
the exercise Thus when walking at 2, 3, 4, and 5 miles per hour the pul- 
monary ventilation rose to 18 6, 24 8, 29 0, and 60 9 litres per minute respec- 

tively (p 405) The increased 

^ breathing is brought about by 

g 4 " a ~ appropriate stimulation of the 

| - respiratory centre 

g 4* 3 _ / b _ ( 1 ) by impulses from the 

i| | / higher centres produced 

^ — ’ by the emotional ten- 

i ^ 2 - f d ‘ sion before the exercise 

- begins , 

/ <a> 292yds per mm (to mph) (u) by the raised C0 2 tension 

~ff Jc) 2 « 2 » * ” (7 5mph) - of the blood, 

% f W 198 - ‘ ( 67 mph} - (m) by any rise of body 

^ l — i — i — i — i — i — i i__j i i temperature that may 

o so 100 iso 200 2S0 occur 

„ w , , S ^“ NDS (iv) reflexly from the engorged 

Fig 263 —Relation of Oxygen Consumption to . d f rom 

Seventy of Exercise (Speed of Running) in great veins ana irom 

Man (A V Hid, Muscular Movement ) the active musclesthem- 

Ordmate excess oxygen consnmption above resting selves 

a v, (Il t w ~ „ Very little lactic acid accumu- 

oxygen is consumed oxygen lates m the blOOd, as it IB disposed 

ma^mumXady value after aboui 2 mmoles® ^ of m the muscles and other 

organs about as rapidly as it is 
being formed , arterial anoxia does not develop, as the blood flowing through 
the lungs is adequately oxygenated The H + ion concentration of the blood 
only rises slightly from H 2 C0 3 retention 

The most important single factor controlling respiration is the rise of 
C0 2 tension , the ventilation increases in direct proportion to the severity 
of the work performed After the exercise is over the breathing rapidly 
settles down to the resting level as the excess C0 2 is eliminated 

(2) Oxygen Consumption — T his is increased m proportion to the 
severity of the exercise. Thus when walking at 2, 3, 4, and 5 miles per hour 
the 0 2 consumption rose to 780, 1065, 1595, and 2543 c c per minute Fig 263 
shows that m running at 7, 7 5, and 10 miles per hour the 0 2 intake rises 
gradually, reaches its peak after about 2 minutes, and then remams steadily 
at this high level , at 10 miles per hour the 0 2 intake per minute was 3 6 litres 
per minute It is convenient to consider here the means by which most of 

1 Hill, Muscular Movement \n Man, London, 1927 Grodma, Phynol Rev , 1950, 30, 
220 Gem mill, tbtd , 1942, 22, 32 Comioe, tb4 , 1944, 24, 319. 
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tbs enormous amount of oxygen is supplied to the active muscles The mam 
reactions concerned are as follows 

( l ) Breathing — The increase m pulmonary ventilation already described 
introduces large amounts of fresh air and oxygen into the lungs (and drives 
out C0 2 ) 

( 11 ) 0 2 Uptake %n the Lungs — Large amounts of oxygen are taken up 
from the lungs by the blood 

(a) The mixed venous blood arrives at the lungs m a more reduced form 
Normally at rest the venous oxygen content is 14 c c %, the amount taken 
up from the alveolar air is 5 c c % and the arterial oxygen content is 19 c c % 
In hard work the venous blood may contain 7 or even as little as 3 c c % , in 
becoming normally artenahzed it takes up 12-16 c c % (cf p 413) The 
oxygen intake may by this means alone increase more than threefold 

(i b ) The cardiac output is also increased about fourfold or more (e g up to 
30 litres per minute (pp 279, 433)) 

The oxygen uptake m the lungs may m these vtays be increased to the 
requisite amount, e g sixteenfold (from 0 25 htre to 4 htres per minute) 

(m) Supply of Oxygen to the Tissues — A great blood BUpply (and therefore 
oxygen supply) to the muscles results from the large left heart output and 
the redistribution of the blood m the systemic circulation (p 434) 

(iv) Removal of Oxygen hy the Tissues — Tbs is effected as follows 

(а) Dilatation and increase m the number of the capillaries m the muscles 
(p 320) slows the rate of the blood flow and allowB more time for gaseous 
exchanges 

(б) Low oxygen tension in the tissues allowB oxygen to diffuse more 
readily and to a greater extent out of the blood 

(c) High C0 2 tension and raised temperature increase the extent and 
rate of dissociation of oxyhsemoglobm (p 411) 

The blood wbch leaves the tissues is thus very extensively reduced, and 
the mixed venous blood may contain as little as 3 c c % oxygen instead of 
the usual 14 c c % Experimentally, the 0 2 consumption of active muscle may 
rise thirtyfold This could be achieved by an increased blood flow (e g X 10) 
and an increased utilization of oxygen [eg x 3) , it is known that the muscle 
blood flow m exercise may increase even up to thirtyfold, so that an ample 
margin is available 

It will be noticed again how every part of the body makes its contribu- 
tion to the general effort The pulmonary “ bellows ” supply the oxygen 
The heart and vasomotor mechamsm send the blood mainly to the parts 
which need it The tissues abstract aB much oxygen as they can from the 
blood wbch is supplied to them 

The 0 2 consumption falls rapidly to its resting level when the exercise is 
ended 

(3) CO, Output — Data f t C0 2 output are given in the Table on p 405 
The ratio of CO, elimination to oxygen consumption can be judged from the 
data for the respiratory quotient given below The elimination of the large 
amounts of CO, formed m the body is effected m a manner analogous to that 
described for oxygen 

(4) Respiratory Quotient —Special attention has been paid to the R Q 
ol the total metabolism or of the excess metabohsm of exercise m the hope 
{possibly the vain hope, cf p 373) of obtaining information about the kind 
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of foodstuffs which are used by muscles during activity The R Q proves 
to be about the same as the pre-exercise value {eg 0 85) Thus when walking 
at 2, 3, 4, and 5 miles per hour, the R Q varied from 0 85 to 0 9 , during the 
previous restmg period it was 0 8 to 0 88 (p 405) If these results mean 
anything they suggest that the body uses the various foodstuffs m exercise 
in roughly the same proportions as at rest 

On a diet consistmg mainly of fat, if the exercise is prolonged, the R Q 
falls to about 0 7, suggesting that fat is bemg used as the predominant fuel 
The fat is not burnt directly by the muscles, but is first transformed in the 
liver into carbohydrate or ketone bodies which are then sent to the muscles 
to serve as the source of energy 

(5) Blood Reaction — Lactic acid does not escape from the muscles into 
the blood The H + ion concentration of the blood only rises slightly from 
accumulation of H 2 C0 3 , and there is consequently no marked respiratory 
distress 

(6) Cardiac Output — In running at the rate of 9 miles per hour, an 
oxygen mtake of about 4 litres per minute is attained and can be kept up 
for half an hour This, as explamed on p 279, involves a cardiac output 
per minute of about 30 htres, which is the highest obtained m the human 
subject when breathing air If oxygen is breathed during the period of 
exercise, the oxygen consumption may be as high as 5 9 htres per minute, 
and the cardiac output is then over 40 htres per minute This latter figure 
probably represents the limits of bodily reaction 

The other circulatory changes are described on pp 432 et seq 

(7) Fatigue — In steady prolonged exercise, fatigue is due to a number of 
ill-understood factors , m the mam it is attributed to changes in the brain 
resulting from sbght anoxia and increased H + ion concentration Afferent 
impulses set up m the active muscles (in part perhaps by the local physico- 
chemical changes) give rise to discomfort and contribute to the sense of 
weariness Some of the stiffness may be due to swelling of the muscle from 
accumulation of exuded fluid from the blood (p 19) 

Severe Exercise — (1) Pulmonary Ventilation — The characteristic 
feature of this type of exertion, which is necessarily of relatively brief duration, 
is that the breathing remains much above the restmg level for a prolonged 
period after the exertion is over In the case of a man who ran 225 yards in 
23 4 seconds, the pulmonary ventilation returned to normal m 27 minutes , 
after a quarter-mile race followed by severe gymnastics, in 44 minutes , after 
“ stan din g-r unnin g ” 1 for 4 minutes (breathing oxygen), m 87 minutes 
In the case of a 100-yards sprint, the subject may scarcely draw breath 
during the race, but marked dyspnoea develops later 

(2) Lactic Acid Formation — During very violent exercise, owmg to 
relative anoxia of the muscles, lactic acid accumulates m the muscles and 
diffuses out mto the blood stream and throughout the body fluids 

The restmg level of blood lactate is 10-20 mg-% As a result of violent 
exercise the level may rise to 100 or even to 200 mg-% As lactate is freely 
diffusible, the blood lactate level represents the concentration m the muscles, 
the mterstital fluid, and possibly m the intracellular fluid generally If the 
total volume of body fluid (i e 50 L) contains a lactate concentration of 

1 1 e standing in one plaoe and carrying out rapid movements of the legs as in 
running 
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200 mg-% (t e equal to that m the blood), the total lactate accumulation is 
100 g After the exercise is over this lactate is disposed of , the blood lactate 
concentration steadily diminishes and reaches the normal level after a variable 
period of time, sometimes after as long as 60 minutes 

(3) Respiratory Quotient — The respiratory quotient of excess metabol - 
ism during the period of exertion first rises above 1 and may reach 1 5 or 2 , 
the maximum figure is usually attained shortly after the end of exercise 
During the recovery period the R Q falls below normal, eg to 0 5 

These changes can be readily accounted for The lactic acid which, aB 
we have just noted, accumulates m the plasma during violent exercise is 
buffered as usual by the bicarbonate 

HL+NaHC0 3 -vNaL+H 2 C0 3 ->-C0 2 

This reaction results m the liberation of large amounts of C0 2 , without any 
equivalent utilization of oxygen In addition, various foodstuffs are burnt in 
the muscles, oxygen being used and C0 2 evolved with an R Q of 1 or less 
When the R Q of excess metabolism is 2, for each 1 molecule of C0 2 resulting 
from oxidation processes m the muscles, at least another 1 molecule of C0 2 
is evolved from the NaHC0 3 of the plasma The extent to which the R Q 
exceeds I is a good index of the intensity of the exertion The low R Q 
following the exercise is due to C0 2 being retained m the blood to re-form the 
bicarbonate (p 440) 

(4) Recovery after Severe Exercise — After severe exercise the oxygen 
consumption (like the pulmonary ventilation) remains initially far above the 
resting level , thus following violent standing-running (Fig 264) the 0 2 
intake per minute was at the rate of 1800 c c at 30 seconds, 1250 c c at 50 
seconds, 750 c c at 100 seconds, and 500 c c at 140 seconds , (the resting 
level was 250 c c per minute) The 0 2 intake declines slowly further but may 
not return to resting level for 30-120 minutes 

The volume of 0 2 used after the exercise is over in excess of the resting 
0 2 consumption for the same length of time is called by Hill the oxygen debt, 
or, better perhaps, the recovery oxygen It can be measured as follows 

( 1 ) the restmg O, consumption is determined 

(u) The post-exercise oxygen consumption is measured until it has fallen 
to its pre-exercise value , as a rule this occurs m 30 minutes The restmg 
oxygen consumption m (say) 30 minutes is then deducted from the post- 
exercise 0 2 consumption for the same time The difference is the 0 2 debt 
Oxygen debt figures as high as 15-18 litres have been observed These 
results can be readily accounted for During very violent exercise all the 
tremendous circulatory and respiratory reactions prove inadequate to supply 
the active muscles with their full 0 2 requirements As has been repeatedly 
emphasized, the active muscles, m spite of their large 0 2 uptake are contractmg 
m a sense annrobically Much lactate undoubtedly accumulates in the body 
(up to 100 g , supra) and probably other products of muscular metabolism 
as well The recovery oxygen is used to dispose of the various waste products 
vhich have accumulated during the bout of violent activity 

(in) During the first few minutes of the recovery process there is no 
decrease m the amount of lactate m the plasma nor, presumably, m the mu soles 
It seems, therefore, that metabolites other than lactate are disposed of first 
The oxygen used for this purpose ib termed the “ alactic acid debt ” 
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(iv) When tins has been dealt with the lactate is got rid of gradually in 
the following way 

(a) The lactate of the muscles is first disposed of , t e it is reoxidised to 
pyruvate and then dissimilated to C0 a and water or perhaps partially recon- 
verted into glycogen (p 849) 

(b) The sodium lactate of the blood is m the ionized form as Na + and 
lactate' , some of this lactate is now taken up by the liver and is there rebuilt 
into glycogen 

(c) The rest diffuses into the muscles (as the local lactate concentration 



Fig 264 — Recovery Phase after Severe Muscular Exercise 
(Standing-Running) 

Abaclssa==tlme In seconds Ordinate heart rate per minute , 0 2 intake in 
c o per minute The resting values for heart rate and oxygen con- 
sumption were 70 heats and 250 c o per minute 

End of exercise shown by arrow 

Note that neither the O 2 consumption nor the heart rate had returned to 
normal 140 sec after the end of exercise Total excess O 2 consumed after 
the exercise is over is the oxygen debt (After Lytbgoe and Pereira ) 


falls) and other organs to be oxidized and then dissimilated or converted into 
glycogen Such lactate as is oxidized in the tissues yields C0 2 , (it is perhaps 
worth emphasizing that lactate cannot be oxidized in the blood stream 

( d ) The C0 2 thus formed, on entermg the blood is retained there to a 
considerable extent instead of being blown off m the lungs It unites with 
the Na+ of the plasma which was previously combined with lactate (as sodium 
lactate) to re-form the bicarbonate which has been depleted during the period 
of exercise 

(e) The C0 2 output from the lungs is thus considerably less than the 
oxygen oonsumed, and in this way the low R Q which follows violent exercise 
is accounted for 

(5) BnooD Reaction — Owing to the flow of lactic acid into the blood 
there is an increase in the H s CO, and a fall m the bicarbonate content of 
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the plasma These two factors produce a demonstrable increase in the H + ion 
concentration This acidcemia stimulates respiration and increases the 
pulmonary ventilation to an extent which is sufficient to give rise to sub- 
jective symptoms of distress or dyspnoea The acidsemia is Btill present, 
of course, at the end of this severe type of exercise The ventilation, 
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Fio 2C5 — Analysis of Energy Exchanges in Muscular Exercise (After Nielson, 
Stand- Arch , Physiol , 1938, 79, 193 ) (Cf Eig 278 ) 

Ordinate Calorics per hour 
Abscissa Work in kg metrcs/mlnute 

The work In each case lasted 00 minutes and was of Increating degree of severity 


therefore, does not return to normal for a prolonged period, e g for 
half an hour or more after the exercise is over , as already pomted out 
throughout this time the oxygen consumption (and the cardiac output and 
blood flow to the muscles) remain above the resting level 

After the exercise is over the normal blood reaction is restored (i) by 
blowing off the excess C0 2 , (n) by restoring the bicarbonate of the plasma 
to its original level, as described above 

Very little lactate is excreted m the unne, and the amount thus eliminated 
is no index of the amount of lactic acid formed 
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It must be emphasized that strenuous exercise does not depend on con- 
current oxidation , lactic acid and other waste products are formed in 
amounts far greater than the maximum oxygen intake can cope with The 
chemical processes (partly asrobic, but to a varying extent also anserobic) 
going on m the muscles yield energy which enables activity to be continued 
The excess lactic acid in man is temporarily buffered m the tissues and m the 
blood stream, accumulates throughout the body fluids, and is disposed of 
after the exercise is over We are thus permitted to do work far m excess of 
the greatest oxygen supplies which the heart and lungs can provide at the 
time, and we accumulate lactic acid and other substances We metaphorically 
overdraw our oxygen account during the exercise and repay the debt later 
The size of the repayment during the recovery period is, of course, equal to 
the oxygen debt incurred during activity The acidsemia which is still present 
at the end of exercise serves so to say as a guarantee that the ventilation 
will be adequate to supply all the oxygen necessary for the recovery process 

Second Wind — This phenomenon is familiar to athletes , during a long 
race initial dyspnoea supervenes, but after a while this passes away and 
the breathing becomes more comfortable It has not yet been satisfactorily 
explained 

Heat Exchanges — Fig 265 shows the changes occurring during exercise 
of mcreasmg degrees of severity Total energy output increased in direct 
proportion to the increase m the severity of the work With the hardest 
type of work studied (1260 kg/mm ) the total energy output rose to 800 Cal 
per hour as against a resting value of less than 100 Cal per hour Only about 
one-quarter of this energy is converted into mechanical work, and about 
three-quarters (600 Cal m the example quoted) was given off as heat The 
change in body temperature depends on the relationship between the rate 
at which heat is formed and the rate at which heat is given off from the 
body With hard work heat production substantially exceeds heat loss 
with the result that the body temperature rises The lower three curves m 
Fig 265 show the ways m which the extra heat is given off Heat loss by 
convection and radiation alters negligibly, and there is a small mcrease in 
heat loss from the lungs , m the mam, heat loss is effected by increased 
secretion and evaporation of sweat 


ANOXIA (OXYGEN LACK) 1 

The term anoxia is employed to describe oxygen lack m the body from 
any cause An oxia occurs commonly and complicates many diseases as a 
secondary factor It is important to obtain a clear idea of the effects of anoxia 
and the various conditions which may produce it 

Effects of Anoxia — 1 Nervous System — When anoxia is very rapid 
and severe, loss of consciousness may occur without any warning, as when 
the oxygen supply is cut off from an airman at a great height or when a 
miner puts his head into a cavity full of methane gas and drops as though 

i See Barcroffc, Respiratory Function of the Blood, Cambridge, 1914 , 2nd edn pt l 
Lessons from High Altitudes, 1925, Lancet, 1920, n, 485 Haldane and Priestley, 
Respiration, Oxford, new edn , 1935 Van Liere, Anoxia, Chicago, 1942 Armstrong, 
Aviation Medicine, 2nd edn , London, 1943 Monge, Physiol Rev , 1943, 23, 166 
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felled by a blow When the miner recovers on breathing pure fresh air for 
a few seconds, he really beheves that he has been knocked down, and acts 
accordingly, assaulting anyone in his vicinity If anoxia develops more 
gradually, the intellect and the senses become dulled without the person 
being subjectively aware of what has happened When the anoxia is relieved, 
the sudden mciease in the power or in visual acuity comes as a great surprise 
Not infrequently, however, the symptoms are temporarily aggravated on 
breathing normal air 

The symptoms of severe anoxia may resemble those resulting from an 
overdose of alcohol headache, depression, apathy and drowsiness, or excite- 
ment and general loss of self-control The subject will sing and shout, or 
burst mto tears for no apparent reason He may be extremely quarrelsome or 
insolent If m any danger, he may refuse to take such measures as are 
obviously essential for his safety He feels quite confident that his mind 
is clear and that his judgment is sound, in spite of his dangerous behaviour 
Memory is impaired, and appreciation of time is altered He may think 
he has gone quite a long way when he has only stumbled a few yards 

The effects of acute severe anoxia are well brought out in the following 
record 1 At 2 53 a m one November morning an American aviator (L ) 
took off mto the darkness for the usual weather flight (“ Dawn Patrol ”) 
It was customary to chmb to 16,000 feet, levelling off every 1500 feet for 
a short period Owing to some instrumental fault he really climbed 2 feet 
for every one read on the altimeter The flight proceeded normally to an 
altitude of “ 8000 ” feet (actually 16,000), when L began to feel we ak 
dizzy, and slightly confused , t here j as., respiratory distress and a sense* of 
oppression in the chest , his flying co-ordination was also imperfect He 
suspected he might be in need of oxygen, but as he had never used oxygen 
at lower altitudes than 12,000 feet and his altitude was only “ 8000 ” feet, 
he thought that could not be the trouble He was maintaining wireless 
contact with the ground, but at this stage could not find the proper words 
to use All this did not alarm him m the least Though weak and be- 
wildered he began to ascend further , m the meantime he dropped his micro- 
phone He fumbled all over the cockpit m the dark searching for it, but 
did not think of turning on the light After five minutes’ frantic search he 
gave up the hunt , the microphone was subsequently found lying on his lap 
By this time he had reached “ 10,000 ” (actually 20,000) feet , the plane 
now went into a spin Not the least disturbed, he climbed again, fell once 
more mto a spm, and repeated the performance several times None of 
these experiences alarmed him but merely increased his determination to 
reach his objective of “ 16,000 ” feet Breathing was now difficult and 
accompanied by a sense ofsuffo cation , muscular co-ordination was defective 
an djhere.was considerable, emotional jupset He was angry and possessed 
ofan .acute' sense of failure other pilots could* reaclT16, 000 feet without 
difficulty and here he "was unable to attain “ 12,500 ” feet without a spm 
Brim determination drove him to spend over an hour climbing and spinning , 
from anger and shame tears were streaming down his face almost all the 
time All Bense of fear or of passage c>f time was_ gone , vision became 
limited to the nose of the plane and the,instrument" panel , Hying became 
semi-automatic “ He was figfiting mad "till he became so tired that he 
1 Leedham, J Aviation Mtd , 1938, 9, 150 
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began to pass out ” After being an hour m tbiB twilight Btate he woke up 
in a full throttle dive towards the ground The imp roved oxygen supply 
brought him once more to his senses at “ 4000 ” feet and he began to chmb 
again, though he only had enough petrol m the emergency tank for 15 
minutes’ use At about this time (at the lower altitude) he became more 
fully conscious, and a realization of what had been happening dawned on 
him After alighting, he noted fatigue, poor appetite, tremor, and loss of 
confidence , but he was quite normal again after 24 hours 

In anoxic states understanding is impaired more than sensation , the 
subject sees without knowing what he is looking' at He finds it difficult to 
understand printed or written words^ Pam is dulled a miner poisoned with 
CO~gffS"rea'dily- burns himself' with his lamp Finally, each sense is lost 
suddenly, hearmg being retained longest There is great muscular weakness 
and' 1 easy fatiguabihty Progress is made with extreme slowness The 
mountaineer " may think twice before turning over in bed ” Sudden paralyses 
of lower or upper limbs may occur 

Very trifling changes in the environment may make a great difference to 
the affected person The importance of attending to the min utiae of nursing 
comfort m the case of anoxic patients is obvious 

Acute anoxia occurs clinically m some cases following pneumonectomy 
The patient becomes disorientated and does not know where he is , he 
climbs out of bed and may become violent or quite unmanageable 

2 Digestion — There is nausea, loss of appetite, and vomiting At 
26,700 feet, the members of the" Everest expedition could with difficulty 
bring themselves to eat meat at all Chocolates and biscuits were consumed 
as a duty, and only soup and coffee were taken with rehsh (On the mountain- 
side, great thirst was a striking feature owing to dryness of the mouth and 
throat resulting from the marked loss of fluid from the respiratory passages 
m the dry cold air ) 

3 Circulation — There is at first an increase in the frequency of the 
heart and probably m the minute output A small rise of blood pressure may 
occur. 1 These results are due to anoxia acting (mainly reflexly) on the 
vasomotor and cardiac centres m the medulla The blood flow to the 
splanchnic area and skm is reduced and more blood is diverted to the brain 
and the heart muscle Later, the force of the heart dies down, though the 
frequency may increase further In the Everest expedition the pulse rate 
during motion was 160-180 per minute, or even more, of good volume and 
regular All the men who went above 27,000 feet developed dilated hearts, 
which returned to normal at lower altitudes m 1 to 3 weeks Owing to the 
imperfect oxygenation of the blood, cyanosis develops (for full discussion see 
p 452) The mucous membranes may'app ear black or leaden grey according 
to the amount of blood in the capillaries 

4 Bespiration — The effects on the breathing have already been fully 
considered (p 398) The breathing is increased m rate, but tends at first 
to be shallow and periodic m character 

5 Delayed Effects — Beside the immediate results of anoxia, numerous 
delayed effects appear, depending on the length and seventy of the exposure 
An inspector of mines who had been m an anoxic atmosphere, on returning 
to the surface, first shook hands cordially with all the bystanders The 

i cf p 273, p 310, and Fig 243 for effects of acute anoxia on the circulation 
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doctor offered him his arm , he regarded this as an insult, and there and 
then took off his coat and challenged him to fight Mountain sickness with 
typical nausea, vomiting and depression, may ensue 8-12 hours after the 
exposure, perhaps even after the descent A slight degree of oxygen lack 
may therefore act insidiously and only reveal its effects after a long latent 
period This conclusion is of importance when we consider that mild anoxia 
is fairly common clinically Following prolonged exposure to severe oxygen 
lack, very formidable after-effects occur Anoxia “ not only stops the 
machine but wrecks the machinery ” (Haldane) 

In CO poiso nin g, consciousness may not be regamed for many hours after 
the condition of the blood has been restored to normal , or coma may persist 
and pass mto death Convulsions may occur at intervals owing to injury 
to nervous elements, and paralyses of various sorts may follow The mental 
condition may be temporarily impaired or the subject may pass into a state of 
dementia. Pne um onia may set m after a day or two , this complication is an 
index of the generally precarious condition of the whole body 

6 Acclimatization — Given a slow onset of anoxia and favourable 
circumstances, the various compensatory activities of the body are brought 
mto play At moderate heights, the early unpleasant symptoms may pass 
away completely At Pike’s Peak (14,100 feet), the general discomfort, the 
fatigue, and the periodic breathing passed off m 10 days, and all the subjects 
felt and looked extremely well Similarly, m the anoxia of disease we may 
expect to find the symptoms masked for a long time, only to be strikingly 
displayed when compensation breaks down 
Acclimatization is effected as follows 

(i) The kidney excretes urine of an alkaline reaction and with a low NH 4 + 
content , the alkalauma is thus effectively compensated 

(n) The pulmonary ventilation is consequently permitted to proceed at a 
sufficient level to maintain a much higher alveolar oxygen tension than 
otherwise would have been the case 

(m) The red bone marrow is stimulated by the chrome anoxia , red cells 
are formed and turned out into the circulation m increased numbers , the 
reticulocyte count (t e the proportion of young red cells) rises The red 
cell count and the haemoglobin concentration rise (the latter may go up to 
115-150% on the Haldane scale (p 175)) , the oxygen-carrying capacity of 
each c c of blood is thus mcreased 

The changes during acclimatization m pulmonary ventilation, alveolar 
C0 2 tension, and haemoglobin concentration are shown m the Table below 


Altitude 


Sea level 
6000 feet 

14,000 feet 


Days 

after 

Arrival 


1 

3 

1 

5 

20 


Alveolar 

co a 

mm Hg 

Relative 

Pulmonary 

Ventilation 

Hb% 

(Haldane) 

Scale 

40 

100 

100 

37 

108 

100 

35 

115 

101 

32 

125 

103 

29 

138 

109 

27 

148 

116 
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Problems of High Altitude Flying 1 — At great heights oxygen must he 
provided or pressurised cabins used 

(1) Oxygen is supplied from cylinders of liquid oxygen equipped with 
means for converting the oxygen into the gaseous form A face-piece is 
fixed over the mouth and nose, through which a current of oxygen flows 
constantly , about half the oxygen delivered m this way is wasted because 
it reaches the face-piece during expiration, but the method has the advantage 
of simplicity of apparatus Donati, for example, attamed by this means a 
height of 47,358 feet At 45,000 feet the barometric pressure is 110 mm Hg 
(Fig 244) , this must also represent the total pressure of the alveolar air Of 
this pressure in the alveoli water vapour represents 47 mm Hg and C0 2 , say 
40 mm The residual pressure, 23 mm Hg, is all that is available for alveolar 
oxygen pressure, even when -pure oxygen is breathed Actually the anoxia 
stimulates respiration and decreases the C0 2 pressure (the inevitable result of 
hyperpncea at rest) , this allows a corresponding increase in the oxygen 
pressure, possibly to about 40 mm Hg At such a pressure consciousness 
would be retained by a person in good training If the barometric pressure 
was 130 mm there would be little danger so long as pure oxygen was breathed, 
but 110 mm seems to be the lowest tolerable barometric pressure, using the 
type of apparatus described above 

(2) To ascend to greater heights and for civilian flying where oxygen 
inhalation is mconvement, an air-tight cabin is used which contains air of 
normal composition, kept at normal barometric pressure irrespective of the 
height attamed 2 

Types of Anoxia 3 — Four types of anoxia may be recogmzed 

(1) Anoxic type the tension of oxygen in the arterial blood is lower than 
normal, and consequently the hemoglobin is not saturated with oxygen to the 
normal extent 

(2) Anaemic type the oxygen tension in the arterial blood is normal, but 
the quantity of functioning haemoglobin is too small 

(3) Stagnant type the arterial blood is normal in oxygen tension and 
oxygen content, but it is supplied to the tissues in insufficient amounts because 
of a decrease in the blood flow 

(4) Histotoxic type the tissue cells are poisoned and cannot make effective 
use of the oxygen supplied to them 

We may now discuss each form more fully 

1 Anoxic Type — This very serious form of anoxia occurs character- 
istically at high altitudes The tension of oxygen in the alveolar air is too 
low , the tension and content of oxygen m the arterial blood are consequently 
lowered too 

When the oxygen tension m the blood falls, breathing is stimulated and 
consequently (as already explained) excessive amounts of 00 2 are washed out 
from the blood As a result oxyhsemoglobm tends to retain its oxygen 
(Fig 249), and so the tissues are starved of oxygen independently of 


1 Fulton, Aviation Medicine m its Preventive Aspects, London, 1948 Ivy, Fed Proc , 
1946 5, 319 For effects of acceleration in relation to aviation see Wood el al , Fed Proc , 

1946* 5, 327 , , 

2 for dangers of decompression sickness at nign altitudes see p 426 

* Argyll Campbell, and Poulton, Oxygen and Garhon Dioxide Therapy, London, 1934 
Bar act, Inhalational Therapy, Plnla , 1944 
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the amount present m the blood The velocity of the oxidative processes 
seems to' depend to some extent on the pressure head at which oxygen is 

supplied j 

The tissues, therefore, are hampered m three ways 

(а) The tension of oxygen in the blood is low, and so the rate of tissue 
oxidation is diminished 

(б) There is less oxygen present m the blood, so that any activity 
demanding a large oxygen consumption is impossible 

(c) The oxygen which is present in the blood is not readily available to 
the tissues, owing to the low C0 2 tension hampering the dissociation of 


oxyhsemoglobin 

Barcroft illustrated this very well m his experiment in a respiration 
chamber where he was exposed to low oxygen tensions Normally, his 
oxygen capacity was 17 8 c c %, the haemoglobin 96% saturated, and the 
oxygen content of the arterial blood was 16 9 c c % At low oxygen tensions 
his haemoglobin became only 84% saturated, but as his haemoglobin concen- 
tration rose, his 0 2 capacity went up to 20 1 c c % , his arterial 0 2 content 
was therefore still 16 9 c c % Although the volume of oxygen present m 
his arterial blood was the same as normal, severe symptoms were present 
m the respiration chamber (headache, vomiting), because the oxygen tension 
was subnormal 

Clinical Causes of Anoxic Anoxia — (1) Alteration op the Alveolar 
Epithelium — If the walls of the alveoh are swollen and cedematous, or 
covered by a layer of fibrinous exudate, diffusion of oxygen into the blood can- 
not readily occur The arterial blood does not attain the same oxygen tension 
as the alveolar air and is therefore undersaturated This ib well seen as a 
result of poisoning with irritant war gases The alveoh become sodden with 
fluid, and cyanosis is present m spite of deep breathing Administration of 
oxygen improves the colour and the general condition of the patient, because 
at the higher alveolar oxygen tension the gas diffuses more rapidly into the 
blood In heart failure with oedema of the lungs, anoxia is caused m the same 
way 

(2) Partially Unventilated Areas op Lung — (i) Shallow Breathing 
— Keith suggests that the various regions of the lungs do not open out equally 
and simultaneously during inspiration, but part by part, “ like a lady’s fan ” 
The alveoh nearest the moving parts of the chest wall and the diaphragm 
expand first, and to the greatest extent , the other regions follow suit later, 
and to a less extent In shallow rapid breathing certain parts of the lungs 
are well opened up, and because of the frequency of the breathing receive 
more than their normal amount of fresh air The alveolar C0 2 % in these 
regions falls, and consequently a greater amount of C0 2 is washed out from 
the blood Similarly, the oxygen in these alveoh may rise to 16 or 18%, but 
this is of practically no value to the blood As arterial blood is 95% saturated 
at the usual alveolar oxygen tension, it takes up a negligible additional amount 
of oxygen if the pressure is raised Many parts of the lung, however, are 
considerably underventdated, as the breathing is not deep enough or prolonged 
enough for them to be opened up Less C0 2 is given off in these areas , 
because of the low oxygen tension m these alveoh, the blood leaves them 
considerably undersatuxated with oxygen If the total alveolar ventilation 
is normal, the CO, ib eliminated in adequate amounts , but not enough 
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additional oxygen is taken up in the overventilated alveoli to compensate for 
the incomplete saturation which occurs m the underventilated alveoli As a 
result, the blood which leaves the lungs is deficient in oxygen 

In bronchopneumonia and asthma small patches of collapse occur and 
the blood leaving them is underartenahzed 

(u) Lobar Pneumonia 1 — In this disease a number of factors contribute 
to the development of anoxic anoxia 

(a) Shallow breathing — Anoxia may be present from toxic depression of 
the respiratory centre causing shallow breathing The depth of the breathing 
is also restrained by the pain due to the associated pleurisy The breathing 
may perhaps be reflexly accelerated by abnormal afferent impulses from the 
affected lung 

(b) Unmated areas of lung — If the blood vessels supplying the con- 
solidated parts are obstructed, all the blood must pass through the functioning 
parts of the lung and is there artenalized But if the blood vessels of the 
pneumonic area are patent, the blood circulates through this region unchanged 
and leaves it in just as venous a state as that m which it arrived The 
“ arterial ” blood is then a mixture of oxygenated and unoxygenated 
blood 

(c) Altered alveolar ‘permeability — If oedema of the lung is present, too, 
from heart failure, the condition is still further aggravated 

(m) Collapse op Lung — If part of a lung is collapsed, the production 
of anoxia depends on the persistence of the local pulmonary blood flow 
together with the absence of local aeration This most commonly occurs 
m collapse due to bronchial obstruction, e g owing to inhalation of a plug 
of mucus following an anaesthetic , the affected lobe or segment collapses 
as the air is absorbed distal to the block Anoxia is much less common in 
cases of “ extrinsic ” collapse, e g hydro- or pneumothorax, because the com- 
pression is generally not sufficient to occlude the alveoli More rarely the 
absence of anoxia is due to compression occluding both the lung capillaries 
and the alveoli a 

(iv) The results of emphysema, tracheal and bronchial stenosis, are con- 
sidered on pp 454, 457-459 

(3) Abno rmali ties of Heart and Blood Vessels 3 — In certain forms 
of conge ni tal heart disease, especially m the condition known as Fallot’s 
tetralogy, a proportion of the venous blood is shunted directly through the 
heart into the arterial side of the circulation (p 452) , as a result, part of the 
blood reac hing the systemic arteries has never passed through the lungs at 
all, and anoxia is present Here agam the “ arterial ” blood is a mixture of 
oxygenated and unoxygenated blood The degree of anoxia depends on the 
magnitude of the shunt 

2 Anaemic Type — This is less serious m its effects than the anoxic 
form As the oxygen tension m the blood is normal, the rate of tissue oxida- 
tion is maintained at its usual level No increase in the pulmonary ventilation 
occurs at first , le the breathing does not respond readily to a decrease in 
the volume of oxygen in the arterial blood, so long as the appropriate tension 
is maintained At rest, the prejudicial effect on the tissues is relatively 

1 Lundsgaard, Medicine, 1925, 4, 345 

* Bjork and Salen, J. thorac Surg , 1950, 20, 933 

* Pr inzm etal, J dm Investig , 1941, 20, 705 
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slight Of the 19 c c of oxygen normally present in arterial blood, only 5 c c 
are used up under resting conditions As a person with 50% hemoglobin 
carries 9 5 c c oxygen per 100 c c blood, his resting requirements are readily 
satisfied But his capacity to do work is greatly diminished because he has 
not the normal reserves of oxygen m the blood to call upon (The anoxia oi 
hemorrhage is described on p 81) , 

(i) Lack or Hemoglobin — In severe anemias (p 196), the total nemo- 
globm content is diminished, and the venous blood is very reduced In 
exercise, the chief method which is available in these subjects for increasing 
the oxygen supphes to the tissues is to increase the cardiac output Accelera- 
tion of the pulse occurs with slight exertion 

(n) Altered Hemoglobin — In poisoning with the nitrites, mtnc-oxide- 
hsemoglobin and some methsemoglobin are formed With large doses of 
chlorates or sulphonamide derivatives, metheemoglobin is formed , marked 
cyanosis may be present, owing to the presence m the blood of this coffee- 
coloured compound The patient may, however, feel well so long as enough 
normally functioning haemoglobin (i e capable of transporting oxygen) is 
available, because the arterial oxygen tension is normal 1 (cf p 454 ) 

(m) Carbon Monoxide Poisoning — This condition needs special con- 
sideration It is a method commonly employed by intending suicides, and 
occurs accidentally from escapes of lighting gas, fires, and underground 
explosions 

CO acts by displacing oxygen from itB combination with haemoglobin, 
forming a comparatively stable compound which is useless for gas-carrying 
purposes , CO is so poisonous because we are dependent on functioning haemo- 
globin for oxygen transport A cockroach, which has no haemoglobin m its 
blood, can be kept ahve m an atmosphere containing 80% CO and 20% 0 2 
If a mouse is placed in a glass vessel and exposed to two atmospheres pressure 
of oxygen and one atmosphere of CO, almost all the haemoglobin combines 
with CO, and yet the mouse remains normal while at rest, and only seems to 
tire easily when climbing up the sides of the jar At the oxygen pressure of 
the experiment, about 4 2 c c O 2 are present in free solution in 100 c c of 
plasma , this amount is sufficient to supply the resting requirements of the 
body 2 

The affinity of carbon monoxide for haemoglobin is about 300 times as 
great as that of oxygen , eg if 14% oxygen and 0 047% CO are present m 
the alveoli, the haemoglobin of the blood shares itself out equally between the 
two gases [Minute concentrations of CO, if constantly maintained in the 
alveoli, can thus produce grave effects ] The symptoms then present are 
very serious The subject cannot walk any distance, and somet im es can 
scarcely rise from his chair without collapsing on to the ground When over 
50% of the haemoglobin is thrown out of action the slightest exertion may 
cause fainting In fatal cases the saturation of the blood with CO is usually 
over 80%, but may be only 60% The symptoms of CO poisoning are clearly 
those of oxygen lack It is noteworthy that though dizziness, faintness, and 
mental disturbances are present because of the cerebral anoxia there is 


i * I T [„r% an +T al ln * hls condition ib kept m an atmosphere of oxygen for a sufficiently 
S meth6smo gJ°bin gradually disappears from the blood and fun recovery 
ocoura For discussion see Kilhck, Physiol Rev , 1940, 20, 313 7 

in much higher concentrations CO can directly arrest tissue oxidation 

J 5 
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no appreciable increase in breathing and no “ air-hunger,” because the 
oxygen tension in the blood is normal 

It is important to consider why the symptoms are so severe when 50% 
of the haemoglobin is not functioning as a result of combination with CO, 
and why they are relatively so mild when the haemoglobin is reduced to 
the same extent m anaemia It is found that the presence of COHb alters 
the dissociation curve of the functioning hcemoglobm which is still present 
The curve is shifted to the left and the S-shape disappears , m other words, 
haemoglobin will now only give off oxygen in useful amounts when the oxygen 
tension is very low COHb thus prevents adequate amounts of oxygen being 
given off to the tissues, which accordingly suffer very seriously (cf Fig 249 ) 

If the patient is exposed to high pressures of oxygen (especially if C0 2 
is added to the inspired air to stimulate breathing), CO is progressively dis- 
placed from its union with haemoglobin by the mass action of the excess 
oxygen, and a normal state of the blood is gradually restored 

3 Stagnant 1 Type — This occurs when the cardiac output and blood flow 
to the organs is diminished because of heart failure (p 295), impaired venous 
return, hcemorrhage, or shock The tension of oxygen in the blood is normal, 
but the amount reaching the tissues is inadequate The rate of tissue oxida- 
tion is normal, because oxygen is supphed at a high pressure head As the 
blood circulates more slowly m the tissues there is more time available for 
reduction of oxyhsemoglobin Furthermore, the impaired circulation causes 
C0 2 accumulation in the tissues which facilitates the givmg-off of oxygen 
Thus the tissues make the most effective use of what oxygen does reach them 
m the blood 

4 Histotoxic Type - — This occurs m poisoning with cyanide, which 
interferes with tissue oxidation, by paralysing cytochrome oxidase (p 854) 
Narcotics also depress tissue oxidation by interfering with dehydrogenase 
systems (p 854) 

The following Table (from Van Slyke) shows the circumstances under 
which the different varieties of anoxia may lower the oxygen tension m the 
venous blood (and therefore presumably m the tissues) to the same level and 
so produce comparable effects on the tissues 
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20 

19 
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1 This might be better termed tsehoemte type 

3 The rest of the hrem oglobin ip bound with CO The figure underlined in eaoh case is 
the cause of the anoxia \ 
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CYANOSIS 1 

By cyanosis is meant a blue or bluish colour of the skin, mucous membranes, 
or the deeper organs It may be general m distribution, but is usually 
more marked m certain regions , it is most often localized in the lips, nose, 
cheeks, ears, hands and feet Cyanosis is due to a change m the character 
of the circulating blood, and so disappears if the blood is squeezed out from 

The following average standards are assumed m the subsequent discussion . 

Normal arterial blood = 95% saturated with oxygen 

19 c c % 0 2 content 
1 c c % 0 2 unsaturation (A) 

0 2 utilization by tissues =5 cc% 

Mixed venous blood =70% saturated with oxygen 
14 c c % 0 2 content 
6 c c % 0 2 unsaturation (Y) 

Cyanosis depends on the absolute amount of reduced hcemoglobin 'present m 
the blood (occasionally it is due to the presence of other dark haemoglobin 
derivatives, such as met- or sulph-hsemoglobm, p 454) , the amount of 
oxygenated haemoglobin present is of little importance The amount of 
reduced haemoglobin in blood can be expressed as volumes per cent of oxygen 
unsaturation, eg 1 g-% reduced Hb = 1 34 c c % 0 2 unsaturation = 18 66 c c % 
0„ content Average unsaturation m the capillary blood is taken as the mean of 

A+ Y 1+6 

the arterial and venous unsaturation = — ^ — - = — jj— = 35 cc% (=165 cc 

0 2 content %) About 5 g-% reduced Hb or 6 7 c c % 0 2 unsaturation is 
the least amount which must be present in the capillary blood to produce 
cyanosis , but individual clinicians vary in the ease with which they recognize 
the presence of shght degrees of cyanosis Nor the reason stated above an 
anaemic individual who has less than 5 g Hb% cannot usually become 
cyanosed 

The cyanotic colour is due to the blood m the minute vessels, i e capillaries, 
and possibly in the arterioles and venules of the subpapillary plexus as well 2 

1 Lundsgaard and Van Slyke, Medicine, 1923, 2, 1 

2 Factors modifying Cyanosis — (i) Thickness of the epidermis, which itself has no 
vessels (u) Presence of normal or pathological pigments m the skin (in) Variations in 
the colour of the plasma from varying concentration of lipoids, white cells in leukaemia 
or pigments (iv) Variation In the concentration of oxyhasmoglobin in the blood (v) 
Variation, in the number, width, and length of the blood-filled capillaries m a given area 

These modifying factors cannot alone produce cyanosis They can influence the 
amount of reduced kcemoglobm (0, unsaturation) which is necessary to give the skin a 
perceptibly blue colour, and can modify the exact shade of colour produced 

Factor (v) needs further consideration (a) With the skin microscope, variations are 
noted in the denseness of the capillary network in different parts of the skin , great , 
variations are present in the capillary distribution m different individuals (b) The 
influence of temperature ib important When the surrounding atmosphere becomes colder 
the arterioles are constricted and the capillaries dilated The blood flow becomes slow, 
and extensive reduction of the blood may take place (cf p 328) (c) An increased venous 

P r “*'f e tfnds to increase the number, width, and length of the blood-filled capillaries, 
fj , d °eper vessels become visible , the production of cyanosis is thus facilitated 
(a) increase in the blood volume may have a similar effect These facts would help to 
explain the ready production of cyanosis in polycythcemxa, m which there is an increased 
blood volume and possibly a hyperplastic condition of the capillaries as well 



452 


CAUSES OF CYANOSIS 


Causes of Cyanosis — It is obvious that the causes of anoxia and cyanoBiB 
must, to a large extent, overlap The following classification (after Lunds- 
gaard and Van Slyke) may be used 

1 All the blood passes through lung tissue accessible to air, but for various 
reasons oxygenation of the blood m the lungs is incomplete 

This occurs in — ( 1 ) Low 0 2 pressure m the alveoli, e g at high altitudes, 
breathing oxygen-poor mixtures, or from restricted pulmonary ventilation 
(from obstruction to the respiratory passages or from failure of the respiratory 
mechanisms) 

(n) Swelling and thickening of alveolar wall and consequently diminished 
permeabihty to oxygen (“ pneumonosis ”) 

(m) Inefficient alveolar ventilation from shallow breathing, or in 
emphysema 

If the arterial oxygen content falls to 16 c c %, cyanosis is present 
A =4 c c , V =9 , ^tZ=6 5 

which is the threshold for cyanosis 

2 Presence of an uncerated shunt between the veins and arteries 
(i) In certain forms of congemtal heart disease (infra) 

(n) Collapse or consolidation of part of a lung with persistence of the 
blood flow through the region It can be calculated that if over one-third of 
the output of the heart is shunted from the venous to the arterial side without 
bemg aerated, cyanosis develops 

Group 1 is relieved by the administration of oxygen, which raises the 
oxygen pressure in the alveoli and (in 1 (n)) increases the rate of diffusion into 
the blood 1 Group 2 (i) is completely unaffected by oxygen therapy , 2 (u) can 
only be helped if the pulmonary collapse is not quite complete, m which 
case oxygen inhalation may enable some oxygen to get into the almost 
functionless areas 

3 Greater reduction of oxyhcemoglobm m the tissues 

(l) Local chilling of a part (within certain limits, p 328), or rise of venous 
pressure which retards the circulation, will slow down the local rate of blood 
flow and so increase the reduction of the blood 

(n) Diminished blood flow to the tissues m heart failure is accompamed, as 
noted (p 450), by high oxygen utilization m the tissues Cyanosis may not 
be present at rest, but the increased oxygen consumption which accompames 
activity may be sufficient to raise the reduced haemoglobin content to the 
required level 

The oxygen consumption of the tissues must rise to 12 c c per 100 c c of 
blood flow (normal =5 c c ), i e to two and a half times the normal, before 
cyanosis can be produced by this factor alone 

Certain clinical conditions wdl be more fully considered 
(1) Congenital Heaet Disease 2 — Some forms of congemtal heart 
disease are not associated with cyanosis, e g patent ductus arteriosus (p 383) 
or septal defects in which the flow is from the left side to the right side of the 
heart In both these conditions the pulmonary blood flow is actually 

1 Inhalation of 100% O. m patients -with chronic anoxia, e g emphysema, may lead 
to mental changes, coma, and death , the cerebrospinal fluid pressure is high The 
mechamsm involved is obscure (Comroe et al , J Amer med Assoc , 1950, 143, 1044) 
s Wood, Brit med J , 1950, u 639, 693 
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increased and the venous blood is fully oxygenated m the lungs In Coarctation 
of the aorta the obstruction is in the aortic arch and is, therefore, on the 
systemic side of the circulation , in this condition cyanosis may develop from 
peripheral causes m the distal parts of the body which are inadequately 

supplied with blood 7 . _ 

Cyanosis of central origin is present when there is a shunt from the venous 
to the arterial side of the circulation This occurs most commonly m Fallot's 
tetralogy (see below) Cyanosis is rare in simple pulmonary stenosis unless 
this anomaly is also associated with a shunt from the right to the left side 
of the heart 

Peripheral factors may as usual increase the tendency to cyanosis, e g 
exercise, which raises the oxygen utilization m the capillaries, or external 
cold 

Polycythsemia, i e an increase in the number of red cells per c mm to 
7 or 8 million, occurs when congenital heart disease is associated with chrome 
As it mcreases the viscosity of the blood the rate of flow through 


anoxia 


the capillaries is slowed , the capillaries are increased m width and number 

Fallot’s Tetralogy — The abnormalities which constitute this syndrome are 

(l) a small, narrow pulmonary artery , (u) a patent interventricular septum , 

(m) relative displacement of the ascending arch of the aorta to the right so 
that its mouth lies above the patent part of the interventricular septum , 
it consequently receives blood from both ventricles , (iv) the circulation is 
carried on mamly by the right ventricle which is greatly hypertrophied , 
the left ventricle is atrophic A considerable proportion of the right ventricular 
outflow is pumped directly into the aorta The intensity of the cyanosis 
depends on the magnitude of this shunt of venous blood into the systemic 
circulation Some of the patients are greatly helped by the following 
operation one of the subclavian arteries is anastomosed to a suitable point 
on the pulmonary artery 1 An artificial patent ductus arteriosus is thus 
established whch diverts some of the partially oxygenated aortic blood 
through the lungs The results in a successful case are as follows (l) a 
fraction of the venous return contmues to pass from the right ventricle into 
the lungs through the narrow pulmonary artery , (n) in addition some of the 
aortic blood (which is, in part, venous blood derived from the right ventricle) 
is oxygenated further, this blood returns to the left heart and is again 
ejected into the aorta , (m) the oxygen content of the arterial blood reaching 
the tissues consequently rises, sometimes markedly In one group of patients 
the average arterial oxygen saturation rose after the operation from 49% to 
76% (under non-basal conditions) The polycythsemia and the cyanosis 
decrease and the exercise tolerance is improved 

(2) Mitral Lesions — There is increased left auricular and pulmonary 
capillary pressure , the resulting pulmonary oedema or swelling of the alveolar 
wall decreases oxygenation of blood m the lungs 

(3) Heart Failure — When heart failure develops from any cause, 
cyanosis is common (Edema of the lung, hydrothorax, shallow breathing, 
a U result in under-arteriahzation of the blood m the lungs The diminished 
blood flow to the tissues produces capillary stagnation, high oxygen 

(S p 450) and great6r redUGtl0n of the blood > and therefore cyanosis 


1 Blalook, Bull N 7 Acad Med , 1946, 22, 67 
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(4) Tracheal and Bronchial Stenosis — In these conditions a normal 
degree of contraction of the inspiratory muscles and enlargement of the 
thoracic cavity leads to a subnormal intake of tidal air past the obstruction 
into the alveob Greater respiratory efforts are consequently made , but if 
the obstruction is sufficiently severe, even maximal respiratory efforts (pro- 
ducing great subjective distress) do not produce adequate alveolar ventilation 
The alveolar 0 2 tension falls because the rate of passage of 0 2 from the lungs 
into the arterial blood is greater than the rate at which fresh supplies of 0 2 
are obtained from the outside air C0 2 accumulation occurs for the same 
reasons Asphyxia (le 0 2 lack plus CO 2 excess) is thus present In tracheal 
stenosis, arterial anoxia, dyspnoea, and cyanosis are often well marked , m 
bronchial stenosis, however, cyanosis is uncommon At least one-third of 
the blood must pass through the unaerated channel (which means that at 
least two-thirds of one lung must be shut off as a result of bronchial obstruc- 
tion) before cyanosis can appear from this cause (cf p 452) 

(5) In Asthma there is deficient pulmonary ventilation from bronchiolar 
obstruction In Bronchiolitis there is patchy collapse of parts of the lung 
The cyanosis of Emphysema is often very marked It is in part due to 
inadequate ventilation of those alveob through which the pulmonary circula- 
tion passes , there is therefore a lowered oxygen saturation of the arterial 
blood and resulting cyanosis which is more marked durmg exertion or after 
the development of heart failure (for full discussion see p 459) 

In Lobar Pneumonia and GEdema of the Lung there is arterial anoxia 
for reasons sufficiently explained (pp 447, 448) 

Clinically, acute pneumothorax is not usually associated with cyanosiB , 
if the lung collapse is small cyanosis would not be expected , if the lung 
collapse is severe, the vessels are usually occluded and the mam symptoms 
are pain and dyspnoea which need urgent treatment In chronic pneumothorax, 
cyanosis occurs if the blood flow m the affected lung is not paralleled by the 
local alveolar ventilation The opposite lung is protected to some extent 
from the effects of the raised intrapleural pressure by the presence of 
pathologically mcreased rigidity of the mediastinal structures (p 370) 

(6) Alteration in the Haemoglobin of the Blood — (i) Methcemo- 
gloibmosmia — Certain drugs and poisons, e g chlorates or sulphonamides, 
lead to the formation of methcemoglobm, which gives the blood a dark colour 
(p 174) Some of the coal-tar preparations — acetanilide, sulphonal, tnonal 
— produce a similar result Methsemoglobmsemia may also occur as a 
congenital disorder of unknown origin The administration of large doses 
of ascorbic acid (e g 300-600 mg daily) m these patients may lead to the 
conversion of much of the methsemoglobin mto oxyheemoglobin 

(n) Sulph-hcemoglobmcemia — In this rare condition sulph-hsemoglobm is 
formed, giving rise to cyanosis of a leaden hue The pigment is wholly 
intracorpuscular , its mode of formation is not yet clearly understood It 
must be remembered that sulph-hsemoglobm is not formed in blood when 
excess of H 2 S is present m cases of poisoning with this substance A strong 
reducmq aqent of unknown composition is present m the blood, urine, and 
saliva m sulph-haimoglobiMBmia If the Berum of these patients is added to 
whole blood, reduced haemoglobin is soon formed It has been shown that 
powerful reducing agents permit the formation of sulph-hsemoglobm from 
oxyhsemoglobm m the presence of minute traces of H 2 S It is suggested that 
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the reducing agent found in the blood of these patients allows the normal 
traces of H,S which are absorbed into the blood from the bowel to effect this 
conversion A bacillus has been isolated from patients which bears some 
ill-understood relationship to the disease It is readily recognizable, as it 
can disintegrate ammo-acids to form nitrites (“ mtroso bacillus ) 


DYSPNCEA 1 

Dyspnoea — Normally, breathing goes on without intruding on conscious- 
ness Dyspnoea literally means difficult breathing Meakins defines it as 
“ consciousness of the necessity for increased respiratory effort ” When the 
breathing enters consciousness unpleasantly and produces discomfort, it 
is called dyspnoea This definition is not entirely satisfactory because it 
excludes the grave disturbances of breathing which may occur in unconscious 
subjects (e g in diabetic or ursemic coma) Hyperpnoea simply means in- 
creased breathing , for a time it does not impinge on consciousness, and so 
represents a stage preceding the onset of dyspnoea An ordinary person is not 
aware of any increase m the breathing until the pulmonary ventilation 
is doubled Real discomfort develops when the ventilation is increased 
four- or fivefold , this level of ventilation is called the dyspncea point 
Dyspnoea is not wholly a pathological phenomenon, for, as noted (p 438), 
dyspnoea develops m normal subjects during strenuous exertion 

The following factors require further consideration — 

(1) Breathing Reserve (BR) — The maximal breathing capacity (MBO) 
is the maximal voluntary pulmonary ventilation m L per minute, determined 
during a 15 sec period The pulmonary ventilation m L per minute at rest 
or under any other specified conditions is designated PV The breathing 
reserve (BR) under the specified conditions is MBC — PY The percentage 
breathing reserve (%BR) is (MBC— PV)/(MBC)X 100 It is also called the 
dyspnosic index If its value falls below 60% (range 60-70%) dyspnoea is 
generally present The %BR may be lowered owing to a decrease m maximal 
breathing capacity (MBC) or a rise in pulmonary ventilation (PY) 

Example Normal resting person, MBC=100 , PV=8 , %BR=92% 
When owing to exertion PV increases to 40L per minute the %BR falls to 
60% and dyspnoea is present 

(2) Vital Capacity — A decrease in vital capacity decreases the ma xim al 
breathing capacity and thus the percentage breathing reserve , it therefore 
predisposes to dyspncea As the depth of breathing approaches the vital 
capacity the sense of discomfort increases 

(3) Mechanical Efficiency — A person with a low mechanical efficiency 
uses more energy than a normal person to do a given amount of work his 
O 2 consumption and pulmonary ventilation are correspondingly greater 
and he thus develops dyspncea earlier 

Pathological Dyspncea — The causes of dyspnoea may be classified as 


OxforfToV, M H™ 19 h 4 ’ ?’ Ha , ldane and Pnestl <V> tewrahon, new edn , 

oJr/lifj fl™’, f r aI Y e °f ihe Osculation, 2nd edn , Baltimore, 1939 , Christie 
Quart J Med , 1938, ,, 115 Command et al , Medicine, 1948, 27, 243 , 1949, 28, 1, 201 ’ 
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1 From Increased Metabolism —Patients with exophthalmic goitre have 
an abnormally high rate of metabolism at rest, and therefore their resting 
pulmonary ventilation may be 50-100% above normal, depending on the 
severity of the case The vital capacity is reduced m this condition, and the 
mechanical efficiency is lower than normal, e g only 15% No dyspnoea is 
present as a rule at rest , but when doing work the patient is handicapped m 
several ways (l) he commences with a high resting pulmonary ventilation , 
(u) being an inefficient machine, his ventilation increases very steeply, as he 
has to liberate an excessive amount of energy to perform any task , (in) owing 
to the low vital capacity, subjective symptoms arise when the hyperpnoea is 
yet moderate , (iv) in some cases heart failure is an additional factor to be 
considered (p 380) 

2 From Metabolic Acidsemia (cf p 99) — (1) Some cases of nephritis 
show an acidsemia, owing to the failure of the kidney to excrete adequately 
acid radicals, chiefly phosphate Breathing is therefore stimulated, and 
the ventilation may reach the dyspnoea point The increased breathing helps 
to restore the normal blood reaction by washing out C0 2 , the C0 2 tension 
m alveolar air and arterial blood is consequently very low In one ursemic 
patient with a blood-urea concentration of 332 mg-% the pulmonary ventila- 
tion was 51 litres, the alveolar C0 2 6 4 mm Hg, and the total C0 2 content of 
the blood only 12 c c % The administration of alkali m adequate amounts 
temporarily restores the normal pH of the blood and abobshes the hyperpnoea 
or dyspnoea and the coma which may have been present There is not 
however, a constant ratio in nephritis between the degree of acidsemia and 
the pulmonary ventilation, as the sensitivity of the respiratory centre may be 
depressed by the disease (cf pp 76, 77) 

(2) Ingestion of substances which give rise to acids m the body, eg 
methyl alcohol (which is converted into formic acid) and ammonium 
chloride (which releases H+ ions) (p 397), may produce dyspnoea 

(3) Diabetes Mellitus — In severe diabetes, acetoacetic and /5-hydroxy- 
butyric acids are formed m excessive amounts, pass into the blood and are 
neutrahzed by the plasma bicarbonate Compensatory hyperpnoea develops 
which lowers the alveolar and arterial C0 2 tension (p 102) The breathing 
is slow and deep but easy, and the pulmonary ventilation is rarely increased 
fivefold, u to the dyspnoea point When the breathing is truly laboured 
the patient is usually comatose so that no “ subjective ” dyspnoea is present 
(cf pp 102, 925). 

3 From Oxygen Lack — Anoxic stimulation of breathing has already 
been fully discussed (p 398) Ancemic and stagnant anoxia (except severe 
haemorrhage) tend to produce little increase m breathing at rest as the oxygen 
tension m the arterial blood is normal In the anoxic form the respiratory 
centre is stimulated reflexly by the subnormal oxygen tension in the blood , 
and if adequate time is allowed for compensation to be established, the 
breathmg may be very greatly increased (p 400) 

4 From Mechanical and Nervous Hindrance to the Respiratory 
Movements — In this group the mam factor predisposing to dyspnoea is 
generally the decrease in maximal breathmg capacity (MBC) and in vital 
capacity In severe chrome pulmonary disease, MBC may fall to 20-30% 
of normal Dyspnoea is brought on or aggravated when the pulmonary 
ventilation is increased from any cause The fall m percentage breathmg 
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reserve (p 455) is well-correlated with the appearance and extent of the 

^fl ^Bronchial Obstruction and other Conditions associated with Pulmonary 
Collapse or Consolidation — ( 1 ) If one bronchus is blocked breathing is stimu- 
lated , the degree of dyspnoea is directly related to the speed and completeness 
of the collapse of the lung Experimentally, the hyperpncea often disappears 
on cutting the vagus on the affected side, indicating that it was reflexly 
produced Anoxia may be an additional contributory factor (cf pp 448, 


(u) In acute closed pneumothorax due to the introduction of a small volume 
of air into the pleural cavity, the respiratory rate is increased, but returns to 
normal after bilateral vagal section (Eig 266) [In acute large open pneumo- 
thorax the respiratory changes are different (p 368) ] These observations 
suggest that m acute pulmonary collapse or consolidation from any cause an 
excitatory vagal reflex may be an important factor m producing increased 
pulmonary ventilation, quite independently of any changes m the chemical 
composition of the arterial blood 

(m) In more chronic conditions associated with collapse of the lung this 
vagal reflex effect may not be in evidence , thus m cases of chronic closed 



Fio 266 — Reflex Effect of Closed Pneumothorax on Respiration (After Harrison, 

Failure of the Circulation ) 

Dog Record or respiration Vagi Intact 200 o c of air introduced into pleural cavity 13 minutes pre- 
viously Noto rapid shallow breathing At arrow, cut both vagi Breathing becomes slow and 
deep The figures on the absclBBa show the rate of breathing per minute 


pneumothorax , for example, the breathing at rest is quite comfortable In 
response to exercise or to excess of C0 2 m the inspired air, the breathing 
increases m a normal manner , dyspnoea, however, is present when the 
ventilation has increased only threefold owing to the associated decrease 
m maximal breathing capacity 

(2) Asthma — In asthma, bronchial constriction is present which diminishes 
the vital capacity and prevents the easy passage of air into and (and even more) 
out of the lungs (p 409) During an acute attack, the breathing capacity is so 
United by the bronchial spasm, and the effort needed to displace air from the 
lungs is so great, that intense dyspnoea is present, the onset of asphyxia 
stimulates the respiratory efforts still further 

(3) Paralysis of Respiratory Muscles — Paralysis of the diaphraqm, for 
example, or interference with its action by great abdominal distension pro- 
duces respiratory embarrassment especially when it is of sudden occurrence 

thC b T tlun S ca P aclt y is diminished In severe eases the asphyxial 
element comes into operation and soon becomes the dominating factor * 

*/ 
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(4) Obstruction to Mam Air-way — When the resistance is slight , the 
breathing becomes slower and deeper If the resistance is excessive and 
continues for a long time, the breathing ultimately becomes increasingly 
shallow and more frequent The alveolar ventilation becomes inadequate m 
consequence, and arterial anoxia develops , if the obstruction is still more 
severe C0 2 retention also occurs These points must be borne m mind when 
considering the effects of wearing a respirator 

When the air-way is free, the hyperpnoea of exercise can be maintained 
for a long time, but when the breathing is obstructed, the “ fatigued ” respir- 
atory centre cannot keep up the hyperpncea of work m the normal manner 

(5) Effects of Disturbed Pulmonary Circulation — (i) Multiple embolism 
of the pulmonary arterioles can be produced by intravenous injection of 
starch granules With a moderate degree of embolism insufficient to produce 


LVtujus cut R Vagus cut 

56 , , 31 , 30 , ,5,6 

Fig 267 — Reflex Effect of Pulmonary Congestion on Respiration (After Harrison, 
Failure of the Circulation, 2nd edn , 1939 ) 

Dog Eecord of respiration Vagi Intact Pulmonary vessel congested by Injecting fluid Into pulmonary 
artery on one side after ligature of pulmonary vein Note rapid Bhallow breathing At first arrow, 
cut left vagus , at second arrow, cut right vagus Kate of breathing per minute is shown by figures 
on base line Breathing becomes slower and deeper 

death, there is a great increase in the frequency and a diminished depth of 
respiration to half or one- quarter normal If the vagi are now divided slow 
respiration of normal depth develops The nerve endings involved have not 
been identified but are probably vascular stretch receptors m the distal 
part of the pulmonary vascular bed 1 

(n) If engorgement of the vessels in one lung is produced by obstructing 
the pulmonary vein, breathing becomes much more rapid , the effect is 
reflexly produced and is abohshed by cutting the vagus nerve on the 
affected side (Fig 267) Clinically, pulmonary congestion is associated with 
increased pulmonary ventilation, which is probably produced m the same 
way 

In considering the production of dyspnoea m (1)— (5) above, the principles 
enunciated on p 456 should be borne m mind 

Suppose that owing to pulmonary disease or other cause the maximal 
breathing capacity is reduced to 50 L , if the resting pulmonary ventilation 
is 8 L, the %BR is (50— 8)/50x 100=84%, which is above the level for 
dyspnoea If the pulmonary ventilation is increased by exertion, reflexly, 
or by chemical factors (0 2 lack, C0 2 excess or asphyxia) to 15 L the %BR is 
(50— 15)/50x 100=60%, and dyspnoea is present 

Suppose that the MBC is reduced to 30 L An increase m the pulmonary 
ventilation to 12 L would lower the %BR to 60% and cause dyspnoea If 
the MBC is reduced to 20 L, dyspnoea will be present at res* if the pulmonary 
ventilation is 8 L 

1 Whittendge, Physiol Rev , 1950, 30, 475 
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(6) Emphysema 1 — The disease is discussed for convenience at tins point 
The chief structural changes are as follows The elastic framework of the 
alveoli is probably weakened The walls of the air-sacs are stretched, thin, 
and ruptured at many points, resulting m the formation of large irregular 
spaces Many pulmonary capillaries running m the walls of the most distended 
air-sacs are obliterated The respiratory bronchioles are said to be dilated 
Post-mortem the lungs do not collapse readily (because of their loss ot 
elasticity) , the free margins are thinned out and show large bulbous cavities 
Clinically, important hsemo-respiratory changes are noted 
(l) The intrapleural pressure is more nearly atmospheric than normal, 
indicating lessened elastic recoil of the lungs (p 368) and offering further 
evidence of damage to the pulmon- 
ary elastic tissue 

(n) Alterations take place m the 
subdivisions of the lung volume (Fig 
268) 

(a) The residual air is increased, 
mainly because the patient cannot 
empty his lungs by means of a full 
expiration as completely as normal 

(b) The reserve air is decreased, 
but the resting lung volume at 
the end of a normal expiration 
(functional residual air) is generally 
increased 

(c) The vital capacity is reduced 

(d) In a mild case the tidal air 
and the total pulmonary ventilation 
are fairly normal 

The reduction of vital capacity 
will obviously impair the response 
to exercise and induce dyspnoea 
more readily But as the resting 
pulmonary ventilation is about 
normal one v ould have expected that the gaseous composition of the blood 
would be normal , this, however, is not the case (infra) 

(m) (a) The arterial blood usually shows decreased saturation of the 
luemoglobm with oxygen, indicative of a lowered arterial 0 2 pressure In 
a mild case the saturation may fall to 90%, m an advanced case to 80% or 
less Oxygen therapy may be dangerous (p 452) 

(6) The C0 2 content and pressure m the arterial blood are raised , the 
latter may be 70-80 mm Hg 

(c) There is no evidence of decreased permeability of the alveolar epithelia 
to 0 2 and C0 2 The impaired arterialization of the blood must presumably 
be due to ineffective ventilation of the alveoli 

(d) The cardiac output (in the absence of heart failure) is unchanged and 
so the total pulmonary blood flow is undiminished 

(c) But, as has already been mentioned, many capillaries are obbterated, 
especially in the walls of the more dilated air-sacs Atmospheric air which 
5 Christie, Brit med J , 1944, l, 105 



Fig 


AVERAGE 
NORMAL 

268 - — Chart showing the Lung Volume 
and its Subdivisions in the Normal and 
m Emphysema Cases are arranged from 
left to right m order of seventy of the 
dyspnoea (Chnstie, Brit med J , 1944, 
l, 105 ) 
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reaches non-vascular arr-sacs is wasted as far as arteriahzing the blood is 
concerned Only a fraction of the tidal air reaches vascularized functioning 
air-sacs, which are consequently inadequately ventilated m relation to their 
blood flow the arterial blood is incompletely oxygenated and C0 2 is retamed 
Inhalation of pure 0 2 relieves the anoxia but does not relieve the CO z reten- 
tion and may be dangerous (p 452) There is thus a state of anoxic anoxia 
with increased liability to cyanosis (p 454) and acidsemia due to C0 2 
retention , both these conditions, especially the latter, tend to produce 
dyspnoea 

(iv) During exertion, breathing is stimulated by increased C0 2 formation 
and retention, and by an aggravation of the anoxia As the vital capacity 
is reduced, a moderate degree of hyperpnoea produces considerable subjective 
discomfort, so that dyspnoea readily develops If cardiac failure occurs 
(because of the overwork of the right ventricle m overcoming the greater 
pulmonary resistance) the dyspnoea is aggravated 

(7) Neurogenic Dyspnoea — In certain organic diseases of the nervous 
system, especially if they involve the region of the hypothalamus (p 716), 
deep or panting breathing at rest may be present, with the usual complications 
of overventilation at rest (Fig 56) 

Shallow rapid breathing also occurs m neurasthenia and other functional 
nervous disorders 

5 Cardiac Dyspnoea 1 — In mild cases of circulatory failure, dyspnoea only 
develops with muscular effort, but effort of an order which would not cause 
distress m a normal person When failure is more marked dyspnoea also 
occurs at rest (i) It may occur when the patient is lying down, but not 
when he is sittmg up ( orthopnoea ) (u) It may be absent or mild m the morning, 

develops gradually during the day and becomes worse m the evemng 
(i evening dyspnoea) (in) It may consist of paroxysms of dyspnoea, waking 
the patient up at night ( paroxysmal dyspnoea, cardiac asthma ) (iv) It may 
be periodic in character ( Gheyne-Stokes respiration) (v) In extreme cases 
it may be present throughout the day, getting worse at night, and only 
relieved by opiates (continuous dyspnoea) (vi) Finally the dyspnoea may be 
aggravated by the development of pulmonary complications such as hydro- 
thorax, infarction or pneumonia 

(1) Simple Cardiac Failure — Let us assume that the primary disturb- 
ance affects the left ventricle, e g because of aortic incompetence or hypertension 
For a time the left ventricle responds to the extra load, contracts more 
vigorously and maintains an efficient circulation As the left ventricle fails 
it beg ins to dilate, i e a certain volume of residual blood remains m it at the 
end of systole Tins leads to interference with the emptying of the left auricle 
and a rise of pressure within it If the primary disturbance is mitral stenosis, 
left auricular dilatation develops and as failure occurs, the pressure within 
it progressively rises The venous return from the lungs is consequently 
hampered, leading to pulmonary congestion This m turn diminishes the vital 
capacity and so lowers the dyspnoea pomt , it also reflexly stimulates breath- 
ing (p 458) Gradually the right ventricle fails because its work is increased 
owing to the greater pressure m the pulmonary circuit This in turn leads to 
right ventricular dilatation, rise in right intraventricular pressure (Fig 150), 

1 Fraser, Lancet, 1927, j, 429 et seq Christie, Quart J Med , 1938, 7, 116 Harrison, 
Failure of the Circulation, 2nd edn , Baltimore, 1939, pp 186-313 
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interference with the emptying of the right auricle, rise of right mtra-auricular 
pressure and then an increase of systemic venous pressure This rise of venous 
pressure reflexly further stimulates respiration 

The patient with a fading circulation thus tends to have a higher 
rest ing pulmonary ventilation owing to the reflex stimulation set up from 
the congested systemic veins and pulmonary vessels In cases of heart 
disease m which an adequate circulation is maintained, the metabohc rate 
is normal , but when heart failure develops, the metabolism for some un- 
known reason is often raised by 25-50% above normal This, of course, 
means that the pulmonary ventdation at rest must be correspondingly 
increased 

Effects of Exertion — During exertion the muscular movements reflexly 
stimulate breathing further , the venous return increases, but as the heart 
cannot cope adequately with the increased load the venous and pulmonary 
congestion is intensified As a result breathing is stimulated, not only by the 
normal chemical changes m the blood produced by exercise, but reflexly also 
Consequently, the increase m pulmonary ventilation for a given degree of 
work is greater than m a normal person, and the breathing returns to normal 
more slowly 

If the exertion is more severe, all the factors enumerated above which 
stimulate breathing operate more powerfully The heart is still more incom- 
petent to deal with the greater venous return and its output does not rise to 
the normal degree The insufficient blood flow through the lungs leads to 
excessive CO z retention and an inadequate O z uptake The resulting anoxia 
and C0 2 accumulation further stimulate breathing The blood flow to the 
active muscles does not increase in proportion to their needs, so that lactic 
acid accumulates progressively It is also claimed^ that the buffering power 
of the muscles is depressed for some unknown reason so that a larger propor- 
tion of the lactic acid passes out into the blood, leading to acidcemia and 
further increase m breathing Throughout it must be remembered that the 
dyspnoea point is lowered owing to diminished vital capacity, the mechanical 
efficiency is subnormal, and the dyspnoea index is lowered (p 455) 

Some of these considerations are summarized m Eig 269 
Other Contributory Factors — The vital capacity and the breathing reserve 
are further diminished m heart disease by complications like hydrothorax 
"When the vital capacity is 70-90% of the normal, the patient is still able to 
do work, but dyspnoea develops on exertion , when it is 40-70%, very little 
work can be done , when it is below 40%, the patient is usually bedridden, 
with marked signs of cardiac insufficiency 

If oedema of the lung develops or if emphysema is a complicating factor, 
anoxia of the anoxic type develops owing to imperfect saturation of venous 
blood with oxygen as it passes through the lungs 

In some cases breathing is stimulated reflexly by the various factors to 
such an extent that the alveolar and arterial C0 2 tensions fall and alhalcemia 
°f nn at ^ er1 ^ ^lood results (p 101) In other cases impaired elimination 
oi LOj may be the dominating factor with resulting acidsemia even at rest 
secondary renal failure may complicate the issue with further retention of 
non-volatile acids (p 76) 

(2) Orthopncea— I n these patients it must be supposed that owing to 
venous and pulmonary engorgement and reduced vital capacity the breathing 
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is initially close to tlie abnormally low dyspnoea point Under such circum- 
stances any factor further stimulating breathing induces actual dyspnoea 
When the patient moves from the upright to the recumbent position there is 
a shift of blood from the abdomen to the thorax, with greater congestion of 
both the right auricle and the lungs , the breathing is consequently further 
stimulated and the vital capacity is further reduced (perhaps by as much as 
25%) In addition, the associated high position of the diaphragm mechanically 
embarrasses breatlnng as a greater effort is now needed to move the enlarged 
liver and the other abdominal organs Dyspnoea consequently develops 


rapidly in the recumbent position 

(orthopnoea) At a later stage ~ 

dyspnoea may occur even m the 

sitting position I 

(3) Paroxysmal Dyspnoea — cough I J 

The attack generally sets m at N m III I 1 H 

night, the patient wakes up before 111 " l'"l 

with a feeling of anxiety and co GH 11 1 I 

oppression in the chest He sits I | I ]| 

up, or even seeks the window for | 1 1 | 

more air , his heart is pounding, I I , | 

he Btarts to cough and soon he .1 AFTER COUGH 

is suffocating and fighting for [hi ] 

breath The dyspnoea is very HP" III 
distressing , the breathing is III 

noisy and there may be bronchial 9 i 15 i ^ i 11 

spasm There are signs of raised ,, or , n . rr . . 

pressure in the pulmonary bed FlG 270 -Effect of Bout of Coughing on Breath 
5 „ i ui i i , 5 mg (Hamson, Failure of the Circulation, 

e g palpable systolic pulsation 2nd edn , 1939 ) 

over the right ventricular conus Patient with congestive heart failure Record of breath 
ana pulmonary artery, succeeded ing voluntary bout of coughing for l minute 

bv a distinct cWlhoo This is followed by more rapid breathing Figures 

y uibvmcv SHOCK as the pul- on a bsclsBa represent rate of breathing per minute 

monarv valves close The cough 

is unproductive at first, but soon becomes associated m severe attacks 
with a little frothy sputum, which is possibly blood-stained In grave 
cases bubbling noises can be heard over the whole chest owing to the 
evelopment of severe pulmonary cedema and there is a profuse expectoration 
of pink frothy fluid 

The mechanism of production of the attack has been much discussed It 
is usually associated with ‘pulmonary congestion and raised pulmonary venous 
and capillary blood pressure In some patients the sequence of events may 
e as follows The patient is the subject of some circulatory disorder that 
predisposes to the development of left ventricular failure and of dyspnoea 
„ *Jl ar f na : hypertension, coronary artery disease or aortic disease) In 
for P a 1 ™ ts a short bout of voluntary coughing induces rapid breathing 
u Wl, irQ j which is attributed to pulmonary congestion Even 

of dr™,™' 7 C C |h breath may induce coughing and so give rise to an attack 
j nm ,; P a , Severe cougnmg, by obstructmg the venous return from the 

bnii'devdoos TV, Tu P? Imonar y congestion that cedema of the 

occur T ^ e ^flowing explanation is offered for the frequency of 

f the attacks at mght One may suppose that at night, while the 
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patient is asleep, a good deal of mucus may collect m the tracheo-bronchial 
tract especially m a somewhat bronchitic patient , coughing develops, and 
the patient is woken up The respiratory centre simultaneously “ awakes ” 
from its previous depressed state (cf p 405), its reflex excitability mcreases 
and the attack of coughing becomes more severe and mduces pulmonary 
congestion and dyspnoea , the attack may progress to pulmonary oedema 
Any other factor developmg at night which reflexly st im ulates breathing 
may induce an attack A dose of morphine depresses the respiratory centre 
and so prevents the onset of dyspnoea 

In other cases the principal causal factor may be the actual development 
(for various reasons such as decreased coronary blood flow) of acute left 
ventricular failure, while the right ventricle for a time goes on functioning 
normally The impaired efficiency of the left ventricle leads to congestion of 
the left auricle and consequently of the lungs, which is aggravated by the fact 
that the right ventricle initially discharges all the blood it receives m a normal 
way into the lungs The congestion leads to reflex stimulation of breathing 
and pulmonary oedema , the dyspnoea is aggravated by chemical changes m 
the blood resulting from bronchial spasm or pulmonary oedema (cf p 117) 

6 Cheyne-Stokes (Periodic) Breathing — Periodic breathing occurs m 
a variety of disease conditions and is usually a symptom of considerable 
gravity , it is probably not always produced in exactly the same way 

(1) Experimentally, if the intracranial pressure is raised, no effect on 
respiration is observed till the pressure of the compressing fluid is almost 
equal to that in the carotid artery , at this stage there may be an increase 
m depth and frequency of respiration If the intracranial pressure is raised 
further, apncea develops from intense anaemia of the respiratory centre , this 
is often followed by periodic variations m both blood pressure and respiration 
The sequence of events is probably as follows medullary anaemia stimulates 
the vasomotor centre and the blood pressure gradually rises , as the medul- 
lary blood supply is restored the respiratory centre revives and breathing 
restarts either as a few uniform breaths, as a dwindling senes, or as a group 
of breaths which rise to a maximum and then dwindle Owing to the im- 
proved local circulation, the stimulus to the vasomotor centre is decreased 
and the blood pressure falls once more , with the return of medullary 
anaemi a the breathing fails agam It will be noted that the respiratory 
centre succumbs rapidly to acute anaemia (p 404) while the vasomotor 
centre, on the other hand, is for a long while stimulated to increased 
activity 

This type of periodicity of blood pressure and breathing has been observed 
m clini cal cases of raised intracranial pressure (e g cerebral tumour, haemor- 
rhage or abscess) 1 

(2) Periodic breathing may occur in urcemia (p 77) and heart failure 
In the former condition the respiratory centre is depressed by retained meta- 
bolic products, or disturbed acid-base balance Owing to the feeble state of the 
centre, shallow breathing results, which m its turn, because of the uneven 
ventilation of the lungs, produces anoxia (p 447), winch gives rise to periodic 
breathing Eirst, there is an increase in the breathing which somewhat 
improves the oxygenation of the centre and washes out C0 2 excessively 
from the blood. This is followed m turn by dwindling of the breathing and 

1 Eyster, J exp Med , 1908, 8, 665 
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apnoea During this period C0 2 reaccumulates and oxygen lack develops 
once more and the breathing resumes 

The a dmini stration of oxygen to improve the nutrition of the centre, 
or of COo to act as a respiratory stimulant, abolishes the periods and estab- 
lishes regular breathing Improvement of the cerebral circulation resulting 
from treating the cardiac failure produces more lasting benefit , similarly, 
renal failure should be smtably treated 


y REGULATION OE BODY TEMPERATURE 1 

The normal body temperature at rest is about 97-98° E (36-37° C ) In 
health it is always kept fairly close to this level by maintaining a balance 
between heat gam and heat loss 

Heat Gain —Heat gam is due to (i) heat 'produced m the body and (n) 
heat taken up under certain circumstances from the enmronvnent 

(1) Heat Production 2 — As explained on p 378, heat production under 
standard resting (basal) conditions is one Calorie per kg of body weight per 
hour, or 37-40 Calories (depending on sex) per. square metre per hour This 
output works out at about 1700 Calories per day m an average man and 1500 
Calories m an average woman Moderate physical activity increases heat 
production to a total of 2500-3000 Calories per day , if very heavy work 
is done the total heat output may rise to 7000 Calories or more, per day 
Short bursts of extremely severe exercise may increase heat production 
temporarily to 10-16 times the basal level The “ specific heat ” of water 
is 1, i e one (small) calorie raises the temperature of 1 g of water by 1° C The 
specific heat of physiological saline, and therefore of the body (which is 80% 
water) is also, approximately, 1 Therefore, if there were no heat loss, the 
temperature of the body under basal conditions would rise by 1° C per hour, 
and under conditions of normal activity it would rise by 2° C per hour But 
so efficient are the mechanisms for bringing about heat loss that only when 
work is heavy or when the environmental conditions interfere with the heat 
loss mechanisms does the body temperature rise well above the normal 
range 

(2) Heat Gained prom the Environment — The body can take m heat 
from objects hotter than itself (l) by direct radiation from the sun or heated 
ground, or (u) by reflected radiation from the sky This type of heat intake is 
independent of the temperature of the air The amount of heat gamed by 
radiation can be reduced by wearing garments which reflect the radiations 
or by making use of any available shade In the hot desert the body takes 
up more heat when naked than when covered by thm white clothes 

When, however, the air temperature exceeds that of the skm, the body 
surface takes up m addition heat from its immediate surroundings , this last 
sort of heat gam is a great burden to people hvmg m hot climates 

Hcnl and Altitude, Cambridge, Mass , 1938 Adolph, Physiology of Man 
'l? thc . I ; c J cri ’ NY • 1947 Mai chi and Harch, Physiol Rev, 1947, 27, 200 Newton, 
Physiology, 7thedn .London, 1949, p 1 Newburgh (editor), Physiology 
°f Heat Regulation and Science of Clothing, Phik , 1949 
Cf footnote 1, p 376 
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Heat Loss — Heat is lost from the body in several ways 

( l ) By radiation from the body to cooler objects at a distance 

(n) By conduction and convection to the surrounding atmosphere if its 
temperature is lower than that of the body (or rather, that of the skm) 
The air m immediate contact with the skm is warmed , the heated molecules 
move away and cooler ones come in to take their place , these m turn are 
warmed and so the process goes on These air movements constitute con- 
vection currents 

(m) By evaporation of water The essential fact to remember is that when 
1 g of water is converted into water vapour, 0 58 Calorie of heat is needed 
and has to be taken up from the environment , this heat is known as the 
latent heat of vaporization and is measured in Calories per gram Thus 
when 1 kg (approximately 1 litre) of water evaporates, 580 Calories are 
taken from the immediate surroundings Evaporation of water takes place 
from the lungs, and from the skm Evaporation of sweat is the prmcipal 
means of heat loss when the body temperature tends to rise 

The different methods and routes of heat loss are considered more fully 
below 

(1) Radiation — The magnitude of heat loss (or gam) by radiation 
depends on the size of the body suiface and on the average temperature 
difference between the skm and the surrounding objects The part played 
by radiation, as already indicated, varies widely with climatic conditions 
In a temperate climate, a resting person (wearing ordinary clothes) loses 
about 60% of his heat production by radiation , if he is working, although 
heat production is increased, there is no significant mcrease in the absolute 
amount of heat lost by radiation because the skm and body temperature 
rises only slightly (During work the percentage of the total heat loss which 
is due to radiation obviously becomes smaller ) 

(2) Lungs — The expired air leaving the lungs is saturated with water 
vapour at body temperature , this water is derived by vaporization from the 
moist mucous membianes of the respiratory passages The amount of water 
vapour taken up depends on the initial state of the inspired air , when dry it 
takes up a good deal but when saturated with water vapour it takes up none 
at all On an average (for what such a figure is worth, considering the range of 
atmospheric conditions) the water loss from the lungs is about 300 c c per 
day, equivalent to a heat loss of nearly 200 Calories (i e 300x0 58 Calories) 

Some body heat is also lost via the lungs by raising the temperature of the 
inspired air to body temperature , therefore an increase m pulmonary 
ventilation (especially when the air is dry and cool) increases heat loss 

(3) Skin — Heat loss from the skm occurs by 

(i) Conduction-convection to a degree which varies with the temperature 
gradient between the skm and the surrounding atmosphere Skm temperature 
varies directly with its blood flow , the calibre of the skm vessels, especially 
those m the hands, feet, and face which are under intense vasomotor control 
can be nicely adjusted to varying body needs External cold produces 
cutaneous vasoconstriction and consequently reduces skm blood flow and 
decreases heat loss , external heat has the opposite effect (cf p 327 , Fig 
198) 

(n) Evaporation of Water Insensible Perspiration and Sweat — Water is 
lost from the skm (a) by insensible perspiration , (6) by sweatmg 
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(a) Insensible Perspiration * — Tins consists of the passage of water by 
diffusion through the epidermis (it is called “ insensible ” because it cannot 
be seen or felt) , the fluid lost is not formed by sweat glands It amounts 
to 600-800 c c per 24 hours, equivalent to a heat loss by evaporation of about 
400 Calories It is produced over the whole body surface at a fairly uniform 
rate and is largely independent of environmental conditions 

(b) Sweating— Because of its outstanding importance in temperature 
regulation this mode of heat (and water) loss requires detailed discussion 

Sweat Glands — There are two kinds of sweat glands m man 
(l) Eccnne, which are distributed generally over the body surface and 
secrete a dilute solution containing sodium chloride, urea, and (m exercise) 
lactate The NaCl concentration is variable, te 0 1-0 37%, and depends on 
the level of corticoid activity Eccnne glands are densest on the palms and soles, 
next dense on the head, and much less dense on the trunk and extremities 
(n) Apocrine — large glands found mainly m the axilla; and round the 
nipples, and in the female m the labia majora and mons pubis They form a 
secretion of variable composition and of characteristic odour 2 

Secretion of Sweat 3 — The sweat glands are supphed_ by cholinergic 
fibres present in the sympathetic nerves (p 481) Secretion ls'produced by 
direct or reflex stimulation of the centres in the spinal cord, medulla, hypo- 
thalamus or cerebral cortex Sweat secretion is increased m the following 
conditions 

(l) With rise of external or of body temperature , this so-called thermal 
siveahng is produced in two ways (a) by the rise of body temperature directly 
affecting the brain centres, probably in the hypothalamus , and ( b ) reflexly 
from the stimulated “ warm ” nerve endings m the skin 

(n) In emotional states ( mental sweating) , this type is limited as a rule 
to the palms, soles and axilla;, though in extreme cases it may become more 
generalized Mental sweating is due to impulses sent out from the higher 
centres 

(in) In exercise , both thermal and mental factors play a part 
(iv) Sweating also occurs (a) in nausea and vomiting , (b) m “ motion 
sickness, for instance on ships or in aircraft , (c) in asphyxia or anoxia, and 
{d) during normal sleep m children and adults 

In cold environments sweat becretion may be negligible 
The maximum rate of sweat secretion m one hour may be as high as 1 7 
litres , 8-11 litres may be lost in 5-8 hours More usually the 24-hour 
maximal secretion is 12 litres In the dry, torrid heat of Boulder City, 
Nevada (maximal shade temperature 34°-38° C , humidity 6-30%), the sweat 

1 Newburgh and Johnston, Physiol Bev , 1942, 22, 1 

1 Yas Ivuno’s views on the functions of axillary sweat are interesting, even if they may 
fail to command general assent The follow mg is an undistorted summary of his writings 
The axillary sweat Bmells most strongly and peculiarly and is “ superior in attractive 
power to tho scent of the sexual organs or of any other parts of the body ” It has developed 
especially in man because owing to the erect posture scents from the sexual organs or 
from any of tho lower parte of the body are not usually perceptible The axilla ib advan- 
tageoush placed, and so its scent can act more effectn ely If it be true that axillary scent 
has an attraction for the other sex then the fact that it is suddenly discharged in emotional 
states becomes of great significance The scented vapour would be retained in the axilla 
and be disseminated occasionally when the arms were moved, and would not be dissipated 
rapidly ns elsewhere (The phrasing in the above passage is mainly Kuno’s ) 

* liuno, Physiology of Unman Perspiration, London, 1935 
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output was (in one subject) 79 litres m 14 days (t e 5 5 litres per day) Every 
litre of sweat which is evaporated from the skin leads to the loss of 580 Calories 
of beat from the body The evaporation of 1 7 L (the maximum value for 
1 hour) results in a beat loss of 1000 Calories , that of 12 0 L (the maximum 
jor one day) gives a beat loss of 7000 Calories , that of 5 5 L (the maximum 
average for a day, recorded over a period of days) gives a beat loss of 3000 
Calories If the sweat does not evaporate from the skin but is wiped away 
or merely runs down the body, no beat loss occurs at all Sweating under 
such conditions is just a useless or harmful form of fluid loss 

By varying the amount of sweat secreted, the amount of beat which the 
body can lose can extend over an immense range When the external 
temperature exceeds that of the body, evaporation (which in practice means 
evaporation of sweat) is the only method of heat loss available Heavy 
sweatmg mvolves a rapid loss of water together with sodium chloride from 
the body, dehydration and also salt deprivation will occur, with the usual 
consequences, (p 66) unless enough water is drunk and adequate amounts 
of salt are taken 

When the external air is not only hotter than the body but is also 
saturated with water vapour heat loss becomes impossible because the sweat 
cannot evaporate Thus, in a dry room at a temperature of 240°-260° E , no 
rise of body temperature occurred , on the other hand, a stay of 15 minutes 
m a moist room at 130° F may raise the body temperature to 100° F 

Temperature regulation has priority over the maintenance of water and salt 
balance , sweatmg will thus continue even though it produces severe de- 
hydration and marked salt loss , it is arrested only by circulatory failure 

As sweat comes from the blood, rapid sweatmg demands a large cutaneous 
blood flow, and therefore dilation of the skin blood vessels This vasodilatation 
is brought about by (l) external heat acting directly on the vessels, (n) reflexly 
from the cutaneous “ warm ” endings and (in) by the rise of blood tempera- 
ture acting directly on the vasomotor centre (p 327) The cutaneous 
vasodilatation decreases the peripheral resistance, lowering the diastolic 
pressure , but on the other hand it increases the venous return and the cardiac 
output (as shown most readily by the reduction m the circulation time (p 262)) 

Normal Temperature Findings 1 — The temperature can be recorded m 
the mouth, axilla, grom, rectum or stream of urine Whatever the method 
or site used the aim is to determine indirectly as accurately as possible the 
temperature of the blood and thus of the deeper tissues , therefore it is the 
maximal temperature recorded after a smtable mterval which should be 
noted Using a so-called “ half-minute ” thermometer 2 and taking readings 

1 See the chapter “ The Thermometer,” in Thomas Mann, The Magic Mountain, 
(English translation ) 

2 It is perhaps unfortunate that the clinical thermometers in common use have 
inscribed on them “ half minute ” or “ two minutes ” The person using the thermometer 
is thus misled into believing that when it is kept m the mouth or elsewhere for the 
specified time it records accurately the tody (i e the blood) temperature The figures 
on the thermometer do accurately indicate its physical properties under specified test 
conditions outside the body , thus the figures give the time that it takes the thermometer 
to record accurately the temperature m a thermostatically controlled bath of water But 
when the thermometer is used clinically under very different physical conditions we must 
allow enough time to elapse to permit the thermometer m the mouth, grom, or axilla 
to attain temperature equilibrium with the blood , the curves m Fig 271 show that the 
thermometer must be kept in position for three minutes or longer to achieve this end 
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at half-minute intervals, it is found that a constant maximum reading is 
obtained only after three to four minutes in the mouth, and after a longer 
time, up to five or even seven minutes, m the axilla or groin (Fig 271) The 
maximal temperature m the axilla is lower by 1° F or more, than that m 
the mouth (or lower still m thm subjects) , the maximal temperature m the 



groin approximates more closely to that m the mouth Rectal temperature 
is about 0 5-0 7° F , and the temperature m a stream of urme 0 3-0 5° F , 
above the maximal reading in the mouth 

Effect of Local Conditions on Mouth Tempeeatuee— The mouth 
reading is affected by local conditions 

(l) A misleadingly high reading is obtained (a) immediately after a hot 
drmk (e g one or two cups of hot tea (Fig 272)) when the temperature of the 
temporarily warmed mucous membrane of the mouth is being recorded (and 



MINUTES 

Fig 272 — Effect of a Hot Drink (one or Wo cups of tea at 
150° F drunk at point shown by arrow) on Mouth Temperature 
Not* the rise of mouth temperature to 101 5-102 6° F 

not that of the blood), or ( b ) after any meal because of the heat produced by 
the active muscles of mastication and the salivary glands 

(u) A misleadingly low reading is obtamed (a) after a cold drink (e g 
one litre of ice-cold water (Fig 273)) which cools the mucosa of the mouth, 
(o) if the nose is blocked, preventing the mouth from bemg closed , or (c) if 
s\i eat is et aporating rapidly from the skin of the face and so cooling it 

Dioenal Variation — To obtain useful records of diurnal variation the 
subject is asked to determine his mouth temperature every hour throughout 
the day and night for 72 hours, taking the precautions called for from what 
was said above 

The only way to get regular night readings is to have at the bedside an 
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alarm clock suitably set to wake tbe subject up at each successive bour The 
value of the temperature readings is considerably enhanced if a careful note 
is made at the time of what the subject is doing, with special reference to 
work, food, sleep, room temperature, heart rate, and respiration Illustrative 
records are set out in Figs 274, 275, 276 1 

Fig 274 shows that the body temperature may fluctuate during the day 
between 99 2° and 96 2° F , Fig 275 between 99 2° and 96 5° F , and Fig 
271 between nearly 98° and 95° F A diurnal variation of 3° F may thus 
occur in any one normal person The possible extent of the “ tolerated ” 
diurnal variation is not always fully appreciated, because it is very unusual 
to take records at frequent intervals durmg the night in normal persons, 




Fig 273 — Effect of a Cold Drink on Mouth Tempera- 
ture (Samson Wright ) 

In A the water was drunk as quickly as possible, in B in 12 minutes The 
mouth temperature fell to 95° and returned very Blowly to normal 


and it is commonly at the mconvement hours of 2-6 a m that the minimum 
temperatures are observed 

Fig 276 shows a close correlation between mouth temperature and heart 
rate, confirming the well-known clinical dictum that the heart rate vanes 
by 10 beats per minute for every 1° F change m body temperature 2 

The diurnal variation is fundamentally related to the rhythm of sleeping 
and waking (Fig 276) The temperature falls progressively during the earlier 
hours of sleep, but begins to rise once more m the later hours 

The normal temperature rise durmg the day is due to muscular activity 
and associated heat production During sleep the temperature falls, partly 
because of bodily inactivity but also because of less perfect temperature 

1 Such experiments are of great value in teaching a student the extent of the range 
of the normal, m himself and his friends, of several so called “ physiological constants ” 
The student also learns to appreciate the fundamental difference between an average 
value and a normal range, a distinction which is of the utmost import rnce m many 
branches of physiologv and medicine 

5 The curves also illustrate the wide range of the heart rate in a normal person even 
at rest , the range at rest in this instance is from a so called ‘ bradycardia ” (pulse rate 
of 60) to a “ slight tachycardia ” (pulse rate of 90), according to the time of day and the 
associated body temperature 
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{Samson Wright ) 



PM AM PM AM PM AM 

Fio 276 — Diurnal Variation of Body Temperature in Relation to External 
Temperature and Bodily Activities {Samson Wright ) 



PM AM PM AM PM AM 

Fro 276 — Diurnal Variation of Body Temperature and 
Heart Rate {Samson Wnght ) 
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regulation When a healthy man is kept m bed the normal type of diurnal 
temperature variation takes place, hut the evening maximum is not so 
high 

A reversal of the ordinary daily routine, e g on going on to night work, 
ultimately reverses the temperature curve This does not occur during the 
first night, for at the hour of the usual minim um (e g 3-4 a m ) there is an 
imperative desire to sleep After a few days, acclimatization takes place and 
the sleepiness passes off 

In the tropics the body temperature is about 1° F above the normal 
range found in temperate zones In nervous people, and especially in 
children, elevations of temperature occur for which there is no adequate 
explanation 

Age — The temperature m infants is irregular at first, but periodicity 
gradually sets in with the development of regular periods of activity and rest 


Temperature regulation is imperfect a 
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Fig 277 — Effect of Moderate Exercise (a Sharp 
Walk of 15 minutes’ Duration) on Body 
Temperature and Heart Rate (Samson 
Wright ) 


fit of screaming causes a rise , a 
cold bath may lower the tempera- 
ture by 7° F In the aged the 
temperature is subnormal the 
body is less active, the circulation 
is feeble, and therfe ib less power 
of compensation for changes m 
external temperature Old people 
are intolerant of extremes of ex- 
ternal temperature 

Menstruation —During men- 
struation the average tempera- 
ture is at a mimmum It rises 
slightly during the next 14 days , 
the waking temperature (recorded 
m bed) is said to show a dis- 
tinct rise at about the time of 
ovulation 


Exercise — Bodily activity greatly mcreases heat production , only 
25% of the energy liberated by the chemical changes in muscle is converted 
into work, the balance being evolved as heat (cf Fig 265) The effect on 
body temperature depends on the extent to which heat loss can be increased 
to make up for heat production , this m turn depends greatly on environ- 
mental conditions After a three-mile race temperatures as high as 103°- 
105° F have been recorded in athletes A sharp 15 minutes’ walk may raise 
the temperature by 1° F (Fig 277) When four and six miles are covered 
in one hour’s walkmg the temperature may rise by 2° and 4° F respectively 
The transient pyrexia is unaccompanied by any ill-effects or feeling 
of discomfort and is m some ways helpful It mcreases the breathing 
and pulse rate, and facilitates the dissociation of oxyhemoglobin in the 
tissues 1 


1 In patients with pulmonary tuberculosis exercise produces an excessive rise of 
temperature, which is due in part to the work done, and m part to toxic absorption , this 
fact is of value in diagnosis An afebrile phthisical patient and a normal control were 
allowed to walk up a slight incline of 3J miles in 1 J hour The average rise of temperature 
(reotal) m the control was 1 0° F , and m the patient 1 6° F 
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R6le of Nervous System in Temperature Regulation ’•—Temperature 
regulation is a highly co-ordinated function depending fundamentally on the 
activity of the central nervous system Two mechanisms are involved 

( 1 ) reflex , ( 11 ) central . 

( I ) Stimulation of cutaneous temperature nerve endings rellexly sets up 
appropriate bodily responses, e g sweating, vasomotor changes 

( II ) The temperature of the blood bathing the hypothalamus directly 
affects it and likewise sets up appropriate reactions , thus warming the blood 
in the carotid artery and, more specifically, heating the region of the anterior 
hypothalamus, results in the manifestations of heat loss, eg cutaneous 
vasodilatation and sweating (cf p 474) An injury to the anterior hypo- 
thalamus in a nim als does not impair the normal reaction to external cold, 
but annuls the normal increase in heat loss which occurs m hot environments 
An injury to the posterior hypothalamus likewise abolishes the responses to 
external heat because the descending fibres from the anterior hypothalamus 
are interrupted , but m addition the response to cold is also abolished 
The anterior hypothalamus is thus the centre for responses to rising 
temperatures and the posterior hypothalamus the centre for responses to 
falling temperatures 

The hypothalamus, because of its close connections with the thalamus, 
doubtless receives all the appropriate afferent nerve impulses , on the efferent 
side it has access to both the somatic and the autonomic nervous systems and 
can thus modify muscular and glandular activity, cutaneous circulation, 
sweat secretion and pulmonary ventilation 

After removal of the cerebrum in a dog, normal temperature regulation 
is preserved but is limited in range The animal responds appropriately to 
external heat and cold, but cools down if left for a long time m a cold room 
[In clinical lesions of the cerebral cortex changes m skin temperature occur, 
cf p 671 ] A midbram preparation (i e with hypothalamus cut off) is cold- 
blooded (poikilothermic), i e it passively follows the temperature of its 
surroundmgs 1 2 

Whenever the central nervous system is depressed, as by the action 
of anaesthetics, or grossly injured m essential regions by lesions like haemor- 
rhage, or if integral parts of the heat-regulatmg mechanisms are paralysed, 
eg the skeletal muscles by curare, the complex and delicately co-ordinated 
temperature-regulating function fails, and alteration of body temperature 
results 

1 Ranson, Res Pull Ass nerv merit Dis , 1940, 20, 342 

s As a rosult of injuries in man to the ports and medulla, a rise or fall of body temperature 
may result The greater part of the body is paralysed and is cut off from the influence of 
the heat regulating centres, and therefore follows passively the temperature of the sur- 
roundings If the weather is warm, the room overheated, and the patient well wrapped 
up and surrounded with hot bottles, the temperature of the paralysed regions rises 
No nfforent impulses can pass up from this region to the centres at the base of the brain, 
nor can offerent impulses reach the affected muscles or blood vessels The temperature 
of the whole body therefore rises Similarly, if the paralysed regions are cooled, the 
general temperature falls 

The effects of sympathectomy on the temperature of the limb are descnbed on p 360 

he main nerves to the limb are cut, the temperature rises at first, owing to simultaneous 
section of the sympathetic constrictor fibres Later on, the paralysed limb is colder 
owing to the decreased blood flow which results from the impairment of venous return 
owing to paralysis of the skeletal muscles , the blood therefore tends to stagnate in the part 
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Hole of Ductless Glands — On cooling a dog, the metabolic rate increases 
by 7% before any indication of increased muscle activity sets m , this is 
probably a measure of the extent to winch the ductless glands help in the 
f< fine regulation ” of body temperature 



Fia 278 — Effect of Violent Exercise on Heat Pro 
duction and Heat Loss (Du Bois, Ann »nt 
Med , 1938 , 12 ) 

Records are rectal temperature, skin temperature, heat pro 
duction In Calories per hour (continuous thick line) and 
heat loss by various channels 

During the period indicated by the thick black line, violent 
exercise (squash racquets) was carried out for 30 minutes 
Heat loss is indicated by columns divided from below 
upwards into radiation (clear), convection (stippled) and 
vaporization (oblique hnes) 

Note the rise of rectal temperature, fall of skin temperature 
(due to sweating), and increased heat production (from 
GO to over 700 Calories per hour) The increased heat 
loss Is due almost entirely to additional loss by vaporiza- 
tion (cf Fig 265) 


(1) Adrenal Medulla — Ex- 
posure to external cold reflexly 
stimulates secretion of adrena- 
line which stimulates meta- 
bolism and decreases heat loss 
(p 733) 

(2) Adrenal Cortex — See 
pp 947 et seq 

(3) Thyroid — External 
cold \ via pituitary thyro- 
trophin) stimulates thyroid 
secretion which increases heat 
production, mobihzes liver 
glycogen, and stimulates neo- 
glucogenesis (cf p 982) 

(l) When an animal (rat) is 
transferred to a cold environ- 
ment there are histological 
changes m the thyroid indica- 
tive of functional activity 1 
(n) Thyroidectomized ani- 
mals show impaired tempera- 
ture control Patients with 
myxcedema tend to have 
a subnormal temperature , 
the febrile response to the in- 
jection of bacterial vaccines is 
reduced 

Response to Heat — (1) 
Effect of Exercise — When 
more heat is produced as a 
result of physical exertion, 
there is a compensatory in- 
crease m heat loss 

(i) The blood flow through 
the shin is greatly increased, 
leading to a rise of skin tem- 
perature, and therefore to a 
greater temperature gradient 
between the body surface and 
the environment Heat loss 


1 The gland becomes intensely congested , the amount of colloid decreases and loses 
its affinity for hmmatoxylm , the lining cells become columnar and the mitochondria 
enlarge and become more distinct On exposure to an external temperature of 37° C the 
gland passes mto a “ resting ” state the alveoli of the gland are distended with deeply 
staining colloid, and the mitochondria become indistinct 
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by radiation only increases by 15 Calones per tour for each 1° C rise of 
skin temperature Total heat loss by conduction-convection and radiation, 
though greater than at rest (e g rising from 75 to 150 Calones per hour) now 
constitutes only 20-30%, instead of 80% of the total heat loss from the body 
(n) The mam heat loss in exercise is due to increased secretion and vapor- 
ization of sweat These facts are well brought out in Pig 278 In this 
experiment, maximal heat production was at the rate of 700 Calories per 
hour , heat loss also greatly increased but never exceeded 600 Calories per 
hour , body temperature, therefore, rose temporarily (cf also Pig 265) 
Sweat secretion in exercise is partly “ thermal ” and partly “ mental ” in 
origin (cf p 467) , it subsides slowly after the exercise is over 

(2) Effect of a Hot Bath • — The subject gets into a hot bath and 



Fig 279 — Effect of a Hot Bath on Body Temperature, Respiration, 
and Heart Rate (Samson Wright ) 


stays m it for about five or six minutes , observations are made while in the 
bath and after getting out of the bath until the control levels are regained 
Fig 279 shows that in a bath at 110° P the mouth temperature may rise 
from about 97 8 P to over 100 3° P , the heart rate may increase from 
75 to 115 and the respiration rate from 12 to 28 per minute Mouth 
temperature may subsequently take some 30 minutes to return to normal, 
though respiration and heart rate recover rather more rapidly This 
experiment shows clearly the limitations of normal temperature regulation, 
and how it can break down quickly under conditions of stress In a bath 
at 110° P heat is being taken up by the immersed, parts of the body, and 
heat loss depends mamly on evaporation of sweat from the exposed parts of 
the body As the atmosphere in the bathroom is very humid, evaporation 
of sweat is probably minimal Body temperature is therefore raised by the 
heat released by metabohsm as well as by the heat taken up from the sur- 
rounding medium This experiment is of clinical interest in shownm that 
the body temperature may be raised for a considerable time after °a hot 
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(3) Effects of Raised Atmospheric Temperature —The mam auto- 
matic compensatory reactions consist (as in exercise) of cutaneous vaso- 
dilatation and sweating , adrenaline and thyroxine secretion are inhibited , 
adrenal corticoid secretion is increased If the external temperature is lower 
than body temperature, the increased blood flow through the skm leads to 
increased heat loss by conduction, convection, and radiation If the external 
temperature exceeds body temperature, heat loss can only result from 
evaporation of sweat Some of the changes are considered m detail below 

(i) Sweating — When the room 
temperature is raised slowly, e g 
from 26° to 41° 0 , there is a long 
latent period ( e g 30 mmutes) before 
sweating sets in Sweating usually 
commences qmte suddenly and 
coincides with and is due to a rise 
of internal (rectal) temperature (act- 
ing centrally) and some rise of shin 
temperature (of the order of 1°- 
1 5° C (acting reflexly)) Sweating 
progressively increases m intensity 
and may continue to increase even 
when the room temperature declines , 
the skm temperature may later fall 
owing to loss of heat produced by 
vaporization of sweat (Fig 280) 
In hot weather sweating may be 
produced immediately on exposure 
to greater external heat 

The importance of sweatmg in 
the response to heat is well illus- 
trated by the findings m a patient 
with congenital absence of sweat 
glands In the winter his tempera- 
ture regulation was normal , m the 
summer, however, it broke down 
Thus in July and August his morn- 
ing temperature was 97° F and his evening temperature 102 6 F , pulse 
rate and respiration followed the temperature changes The patient and a 
normal sub]ect were exposed naked m a hot moist room for 30 mmutes with 
the following results 



Minutes 


Fig 280 — Sweat Secretion in Response to 
Raised External Temperature (Kuno, 
Physiology of Human Perspiration, Lon- 
don, 1935 ) 

Ordinate, left temperature In °C of rectum, skin, and 
room , ordinate, right sweat secretion in mg 
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The patient’s skin remained dry and velvety, he felt sick and ill and 
“ panted like a dog ” , there was considerable diuresis , pyrexia developed 
(the mouth temperature rose to 101 4° 3? ) The control sweated profusely, 
passed very little urine, and maintained his normal body temperature 

(n) Changes m Blood and Circulation — The large cutaneous blood flow 
leads to a decrease m diastolic pressure, an increase m venous return and 
an increase in cardiac output (p 282) There is initially an increase m 
plasma volume The effect on systolic pressure is variable depending on the 
extent to which the increased 



cardiac output compensates for 
the decreased peripheral resist- 
ance The 'pulse rate always 
mcreases even if there is no 
significant pyrexia (cf p 282) 

The circulation under these 
conditions is adversely affected 
by standing Normally, on pass- 
ing from the horizontal to the 
erect position the blood vessels m 
the legs are reflexly constricted 
to prevent accumulation of blood 
in the dependent parts, and to 
maintain an adequate blood 
supply to the brain , but during 
heat exposure vascular tone is 
dominated by temperature re- 
quirements and the normal pos- 
tural adjustments do not occur 
Thus, in hot environments, the 
subject [who is strapped to a 
hoard) soon faints if he is pas- 
sively tilted from the horizontal 
towards the erect position and 
kept there for some time , m 
addition his pulse rate further 
increases (Fig 282) 

(in) Complicating Effects of 
Anhydrcemia and Salt Loss — 

(a) There is further acceleration of the heart m the supine position (e a from 
92 to 135 (Fig 281)) V y 

(b) The effects of posture are aggravated Thus in Fig 282, when 4% of 
the body weight had been lost (because of water loss) the pulse rate in the 
supine position was 95 , on standing up it rose to over 140 

(c) Fainting m the vertical position occurs more rapidly, e q in 1 5 instead 
of 7 0 minutes (Fig 281) 

(d) When the anhydrmmia is severe the plasma volume, the cardiac 
output, and the blood supply to the skm decrease , as the cutaneous blood 
supply becomes inadequate, sweat secretion diminishes and may cease 
«, l avenue of heat loss thus closed, body temperature nses 

explosively and the general condition becomes precarious 


Fig 281 —Relation between the Degree of 
Dehydration, the Pulse Rate in the Supine 
Position and the Fainting Time, when the 
Subject was passively tilted (E A 
Adolph, Physiology of Man in (he Desert, 
New York, 1947 ) 

The subject was exposed to a high external tempera 
ture and sweated profusely Note the increase in 
pulse rate (determined in sup me position) with 
increasing dehydration 

Fainting Time the subject, strapped to a tilt board, 
was held feet down m the vertical position until 
he lost consciousness , the time taken is noted 
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(xv) Heat Cramps — If the Na+ and Cl' lost m the sweat are not made 
good, muscular cramps develop (p 65) 

(v) Hyperpncea develops, the alveolar C0 2 falls and there is, consequently, 
an alkalsemia which is compensated for by the passage of an alkaline urme, 

and decreased NH 3 formation 
by the kidney (Fig 56) 

(vi) Heat Exhaustion — 
This is due to hyperpyrexia, 
to salt loss, and to dehydration 
(p 479) 

(vn) Acclimatization — 
Prolonged exposure to external 
heat leads to “ exhaustion ” of 
the sweat glands , the volume 
of sweat secreted falls and its 
Na+ and Cl' content rises, i e 
the concentration of these ions 
resembles more closely that of 
a filtrate from the plasma On 
the other hand after repeated 
bouts of exposure to exter- 
nal heat useful adaptations 
develop (a) sweating com- 
mences at a lower level of body 
temperature , (6) the Na+ and 
Cl' content of the sweat falls 
with resulting better preserva- 
tion of the electrolyte content 
(and crystalloid op) of the 
extracellular fluids This latter 
WATER LOSS AS % OF INITIAL WEIGHT adaptation is due to increased 



Fig 282 — Relation between Pulse Rate and 

Posture m a Man exposed to external heat m 
whom progressive Dehydration developed as 
a result of Profuse Sweating (E F Adolph, 
Physiology of Man *n the Desert, New York, 
1947 ) 

Control values at room temperature of 70’ F 
Experimental values at room temperature of 120° F 
Pulse rates lying were taken after 3 minutes in the supine 
position , ilanding rates, 1 minute after standing up , 
tilted rates, average of readings taken 1, 3, 5, 7, and 9 
minutes after being tilted (on a tilt board, feet downwards) 
at the angle indicated 

Note the progressive increase m pulse rate with dehydration, 
note also that the pulse rates are higher as the subject 
passes from the horizontal to the vertical position 


secretion of the pituitary hor- 
mone ACTH which m turn 
causes a discharge of adrenal 
corticoids The latter promote 
the reabsorption of Na + and Cl' 
from the sweat back into the 
blood (cf p 945) 

Role of Clothing 1 and Wet- 
bulb Thermometer Level m Re- 
sponse to Heat — About 20-30 
litres of air are entangled 
between the clothes In hot 


weather the clothes retam 


moisture and the cooling effect of sweating is diminished Evaporation takes 
place from the surface of the clothes and only affects the skin through a layer of 
damp undergarments Opening the jacket, waistcoat, and shirt gives a feeling 
of greater comfort, and more moisture can evaporate from the skin surface 
Haldane, attired in flannel drawers, canvas trousers, boots, and stockings, 
1 Boston, Fed Proc , 1946, 5, 344 
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exposed himself to a hot humid atmosphere (high wet-bulb thermometer 
temperature) If the wet-bulb temperature was 85° F , the rectal tempera- 
ture remained normal when the subject was at rest in still air If the wet- 
bulb rose above this level, the rectal temperature rose markedly At 89-90 
the rise of body temperature was 1-1 4° F per hour , at 94°, 2° per hour , 
at 98°, 4° per hour In moving air, e g with an air current of 50 metres per 
minute, a wet-bulb temperature of 93° F could be borne without rise of internal 
temperature If muscular work was ‘p 99 !-^ 

done in still air, the limit of wet-bulb , : : 

temperature was still lower | g8 r\ ^ - 

Heat Stroke — This syndrome g . \ — . . — 

develops m men who are working hard, g7 , , , , ■ , ■ ■ • i 

unsuitably clothed, m hot environments o 6 iz ,B 24 30 

The symptoms are due to hyperpyrexia, ^ 2g3 _ Effect M '" UT | S ody Tomp era- 
salt loss, and dehydration in varying ture of a CoId Batb at 55 ° p 

proportions Asthe external temperature (13 3° C) (Samson Wright ) 
is high, heat cannot be lost by radiation 

and convection If, in addition, the air is moist and still, evaporation cannot 
take place either When the heat-regulating mechanism breaks down, the body 
temperature begins to rise A vicious circle is thus established with ever-rising 
body temperature and consequently increasing metabolism and increasing heat 
production, circulatory failure develops for the reasons already given (p 477) 
Individual idiosyncrasy is important , some men do not sweat readily — their 
skin is hot and burning, but quite dry Severe and even permanent injury to 
the central nervous system may occur 1 

1 The clinical picture of heat stroke is well illustrated by the following case record, 
mainly m the doctor’s own words At 7 a m I [the doctor] was called to see a man aged 
20, who waB admitted to hospital the night before complaining of nausea, vomiting, con- 
stipation, and lack of energy He was not regarded aB being Benonsly ill, though his tem- 
perature was said to bo 101° F , this was attributed partly to the heat At 6 a m the 
following day ho was found unconscious by an orderly When I saw him he was in deep 
coma, responding but slightly to painful stimuli, corneal reflexes absent, pupils moderately 
dilated and vory sluggish to light, breathing somewhat stertorous and rapid, pulse not 
palpable, not even the carotid Heart sounds were not heard, skin was cool, rather clammy 
but no beads of sweat to be seen, and restless purposeless movements I was told the 
tomporaturo was 102° F taken in the axilla He seemed to me to be about to die How- 
ever I took the temperature m the rectum and found it to be 108° F This simphfied the 
diagnosis and wo got to work without delay, first half covering him with broken ice as he 
lay m bed, then putting up an intravenous saline The great saphenous vein when exposed 
was quite empty and did not bleed even a single drop from either end Two pints of normal 
saline were run in After 45 minutes the rectal temperature was 104 8° F , the radial pulse 
had returned, restlessness was much less, and the skin of the face, which was growing 
pink, was now warm, presumably owing to restoration of the peripheral circulation 
Witlun another hour the rectal temperature was 100° F , the pulse di minis hed m rate and 
increased m volume He was able to answer simple questions and with some difficulty to 
swallow sips of water After a partial relapse, the patient dramatically improved and by 
next morning was comparatively normal 

Pyrexia l J'reaiment — The treatment of rheumatic and other conditions by means of 
eloi ation of the body temperature has been extensively practised until recently, especially 
in America Tho procedures employed were ( 1 ) heating the body by means of penetrat- 
lng high frequency currents, combined with insulation to minimize heat loss , (u) placing 
Vrno ^kject in a conditioned air cabinet containing moist air at a temperature of 120°- 
100 1- Body temperatures up to 107 6° F have been maintained for hours by these methods 
m robust subjects The circulatory strain is great, because the very low diastolic pressure 
impairs the coronary blood flow (p 237) In the erect position the systolic blood pressure 
may bo as low as 60 mm Hg A simple way of inducing pyrexia is to inject TAB vaccine 
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Response to External Cold — A cold bath (56° F ) may lead to a fall 
of mouth temperature, eg of 1° F (Fig 283) , if a naked man is exposed to 
an atmospheric temperature of 60° F for 20 minutes a variable temperature 
response occurs , the results depend on the efficiency of the compensatory 
mechamsms External cold stimulates the metabolic rate owing to increased 
secretion of adrenaline (p 733) and thyroxine (p 474), with resulting 
increased heat production , if shivering occurs large amounts of heat are 
released in the muscles The cutaneous arterioles are constricted to dimini sh 
heat loss, and the blood is driven into the deeper parts of the body The 
blood pressure may rise Adrenal cortieoids are secreted 

Cold Exhaustion — This occurs m people who get lost in the cold , 
the wanderer becomes worn out and surrenders to an overpowering desire to 
sleep During this unconscious state, temperature regulation is disturbed and 
much heat is lost The body temperature falls , at 68° F coma sets in and 
death results It has been pomted out (p 328) that a fall of temperature 
depresses the dissociation of oxyhsemoglobm and tends to lower oxidation 
in the tissues 

Effects of Refrigeration — Patients have been dehberately cooled 
down under anaesthesia to 80° F for periods up to 36 hours The blood 
pressure was unchanged, the pulse rate was slowed, eg to 60 Usually full 
recovery occurred on gradually reheating the subject to normal body 
temperature 

Fever — This term is used to describe the complex response of the body to 
infection One of these manifestations is pyrexia or raised temperature The 
body is beheved to be able to deal more effectively with invading organisms 
when the temperature is raised, and so the pyrexia may be regarded as a 
protective mechanism There is increased heat production, but this alone 
does not account for the pyrexia, because the changes are of an order of 
magnitude which could be easily compensated for under normal conditions , 
but heat loss is decreased simultaneously fully accounting for the rise of body 
temperature Heat regulation m states of fever is therefore disordered, 
body temperature is adjusted to a higher level than normal (as though the 
hypothalamic “ thermostat ” were set at a higher temperature) The normal 
diurnal variation is still present, and the patient responds m the usual way to 
applications of heat and cold 

In the initial stage a rigor or shivering often occurs The skm vessels 
are constricted, minimi zing heat loss , a rapid rise of temperature therefore 
takes place During the fastigium, when the temperature is at its height, 
the cutaneous vessels are relaxed and the skm is flushed , the sweat glands 
are usually inactive The rise of temperature increases the metabohc rate 
by accelerating the oxidative activities of the body , but the heat loss is 
relatively inadequate to cope with this increased production During the 
defervescence, when the temperature falls, marked sweating occurs, and heat 
loss is now greater than heat production 

An agent has been isolated from bacteria, pyrexm, which on injection 
produces fever , pyrexm may be responsible for the complex derangement of 
temperature regulation just described 

Some of these phenomena are well demonstrated during a malarial rigor 
During the shivering attack there is a sudden marked increase m heat 
production, e g from 80 to 230 Calories per hour , heat loss, on the other 



FEVER 


481 


hand, is unchanged or decieased because of cutaneous vasoconstriction so that 
all the extra heat liberated is stored in the body The body temperature 
may rise to 105° E as temperature regulation is m abeyance After an 
interval the “ thermostatic control ” is readjusted to 98° F , sweating sets 
in, and with increased vaporization there is additional heat loss, bringing 
the body temperature down to normal once more 

The general manifestations of fever are due to the pyrexia, dehydration, 
disturbed electrolyte balance in the blood (e g Na+ and Cl' loss, alkalaemia), 
and the action of toxins 

Distribution of Heat in the Body — The circulation transports heat 
to and from the various parts of the body , the distribution of heat within 
the body, therefore, depends on the integrity of the circulation In cases of 
so-called peripheral circulatory failure {eg haemorrhage, shock) there may 
be greater differences than normally between oral, axillary, and rectal temper- 
atures A low oral temperature may be due to local factors and need not 
represent a fall of body temperature , the rectal temperature is then the only 
reliable guide to the temperature of the blood and internal organs If a hot 
water bottle is applied to the cold skin, the poor local blood flow may be 
inadequate to carry away the added heat and the part may be injured if 
great care is not taken 


Note on Innervation of Sweat Glands 1 

Experiments on animals have shown that the sympathetic nerves which 
supply the sweat glands are cholinergic m type and not adrenergic In support 
of this work it is found m man that drugs which “ block ” sympathetic adren- 
ergic nerve endings (e g tolazohn (priscol)) do not mlnbit either thermal or 
emotional sweating Atropine on the other hand (which “ blocks ” the para- 
sympathetic (cholinergic) endings) inhibits both these types of sweating 
There are, however, some discordant and unexplained findings mtradermal 
injection of adrenaline (or nor-adrenalme) m man does cause local sweating 
as well as cutaneous vasoconstriction , sweating also occurs when an adrenal 
medulla tumour is actively secreting (p 734) 

1 Chalmers and Keele, J Physiol , 1951, 114 , 510 
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THE NERVOUS SYSTEM 1 

STRUCTURE AND FUNCTION OF NERVOUS TISSUE 

Structure of Nervous Tissue 2 — The term neurone is used to describe 
the nerve cell ( cell body, soma) and its processes, the dendrites and the axon 
(axis cylinder, nerve fibre) The nutrition of the axon depends on its intact 
connection with its cell 

Nerve cells vary m size and shape m different parts of the body , their cyto- 
plasm is fibrillated, the so-called neurofibrils exten din g from the dendrites, 
through the substance of the cell, into the axon Embedded m the cytoplasm 
are angular bodies, the Nissl granules, which stam deeply with basic dyes 
like methylene blue , they, consist of nucleoprotem and contain organically- 
combined iron They are very scanty m many nerve cells Their size and 
number vary with the physiological condition of the cell , fatigue, the action 
of certain poisons, and section of the axon, cause the Nissl granules to dis- 
integrate and disappear ( chromatolysis ) The nucleus is large and shows a well- 
marked chromatin network and nucleoli The dendrites branch repeatedly 
immediately they leave the cell, and also contain Nissl granules Mitochondria 
and a Golgi apparatus (Fig 295) can be demonstrated in the cytoplasm 

The axon or nerve fibre arises from a part of the cell — the axon hillock — 
which is distinguished by the absence of Nissl granules , it runs as a rule for 
a considerable distance before branching 

A medullated nerve fibre consists of the following structures from within 
outwards 

( I ) A central core of semifluid axoplasm containing minute rodlets arranged 
parallel to the long axis of the fibre and giving it a fibrillar appearance (neuro- 
fibrils) The axoplasm is not covered by a histologically identified surface 
membrane, but there is a speciahzed boundary layer of axoplasm, the axon 
membrane, which separates the intracellular contents from the extracellular 
fluid and is the functional surface membrane It is probably the site of the 
action potentials recorded from nerve 

( II ) The white myelin (medullary) sheath, which is made up of concentric 
sheets of protem interspersed between layers of lipoid material (mainly 
lecithin) radially arranged , it stains black with osmic acid The sheath is 
interrupted at regular mtervals by the nodes of Ranvier , the distance 
between the nodes increases during growth, and in the adult ammal the mter- 
nodal distance is proportional to the diameter of the fibre The functions 

1 See Fulton, Physiology of Nervous System, 3rd edn , N Y , 1949 Fulton, Textbook 
of Physiology, 16th edn , Phila , 1949 Hanson and Clark, Anatomy of Nervous System, 
8th edn , Phila , 1947 Sherrington, Integrative Action of Nervous System, new edn , 
Cambridge, 1947 Selected Writings of Sir Charles Sherrington, ed D Denny Brown, 
London, 1939 Brain, Diseases of Nervous System, 4th edn , London, 1951 

s Greenfield, J Neurol Psychiat , London, 1938, 1 NS), 306 
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of the myelin slieath are not known with certainty Studies with single 
isolated mammalian medullated nerve fibres suggest that the myelin sheath 
is an insulating layer , the action potential which accompanies the nerve 
impulse can only be picked up from such fibres at the nodes of Ranvier, where 
the myelin sheath is absent 

(in) The neurilemma ( sheath of Schwann ), which is a homogeneous mem- 
brane closely adherent to the myelin and bent at the nodes Under it, 
midway between the nodes, is nucleated cytoplasm, the cells of Schwann 

A non-medullated fibre consists of axis cylinder, neurilemma, and cells of 
Schwann, but has no myelin sheath All the postganglionic fibres of the 
autonomic system are non-medullated as are those fibres m the somatic 
nervous system which are less than l/i in diameter , larger somatic fibres are 
medullated It is worth emphasizing that non-medullated fibres are very 
numerous in the central nervous system and in the dorsal nerve roots 

The surface membrane of the nerve cell and fibre separates two fluids of 
different ionic content inside the neurone, the. .intracellular fluid ; has a high 
K+ and low Na+ and CT concentration , m the extracellular (interstitial) 
fluid bathing the neurone the reverse obtains (p 5) The, s urface membrane 
m res ting nerve is almost impermeable to Na + , but is readily permeable 
to K+ and Cl' , this selective permeability is said to be a factor in determining 
the. ionic concentration differences The differences m ionic concentrations 
between the exterior and the interior of the neurone (soma and axon) may 
in Borne measure be due to the metabolic activity of the entire neurone and 
not exclusively to the properties of the membrane (cf p 8) 

Properties of Nerve Fibres — As a nerve fibre is simply the long 
process of a neurone, it is somewhat artificial to consider its properties apart 
from those of the neurone as a whole But as it is comparatively easy to 
study the properties of nerve fibres, and more difficult to investigate nerve 
cells, it is convenient to deal with the nerve fibre as though it were an in- 
dependent entity The only function of a nerve fibre is to conduct the nerve 
impulse Experimentally the fibre can be stimulated at any accessible point 
on its course , the nerve impulse set up at the point of stimulation travels 
just as readily centrally as distally Under natural conditions the nerve 
impulse is usually generated m the nerve cell and travels distally along the 
axon , the mam exceptions are the afferent neurones (dorsal nerve roots, 
afferent cranial nerves) , in these the impulse is set up by appropriate stimu- 
lation of sensory terminals 

Nerve Impulse 1 — This is an incompletely understood physico-chemical 
change which is transmitted by nerve fibres , it involves an alteration in 
electrical state and chemical changes (0 2 consumption, C0 2 output, heat 
output) The impulse must be carefully distinguished from the stimulus , 
which is the external force (e g electrical, chemical, mechanical) which sets 
up the impulse The chemical changes m nerve fibres are probably, wholly 
or mainly, concerned with the recovery processes which follow activity , the 
electrical change is the most certain indicator of the development and propaga- 
tion of the nerve impulse and probably represents the essential process 
involved m transmitting the impulse along the fibre (p 488) 


“ Pi! g ? nd ^ lectn cal Signs of Nervous Activity, thila , 1937 Symposium 

q 7 B-fi 09 yS w 0 ^ emi0 | l M ^ nlSm ofN ®U 6 Activity,” Ann N 7 Acad Set ,1946, 47, 
375-602 Newton, Recent Advances in Physiology, 7th edn , London, 1949, p 156 
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Resting Polarized Membrane oe Nerve Fibre — If a single fibre of 
large diameter is employed (giant fibre of squid, diameter up to 500 p) a 
micro-electrode can be introduced into tbe interior of tbe fibre , another 
electrode is placed on tbe external surface of tbe fibre Tbe electric potential 

0 difference between tbe outside and tbe mside 

s -l- 1 ^ I of tbe fibre can tben be determined by connect- 

int - • — * mg tbe electrodes to an amphfier and cathode 

" ray oscillograph Tbe mside of tbe fibre is 

found to be at a lower electric potential — i e 

_± ± ± 1 ±_ it is negative compared with tbe outside (Fig 

— — — . — — — 284) Tbe surface membrane of tbe nerve fibre 

+ + + + + (* c the axon membrane) is said to be polarized, 

Fig 284 — Diagram to show it maintains a potential difference (p d ) 
Polarization of the Surface between its outer and inner surfaces , its magm- 

£vo r Fibrc 0f the ReStmg tude (m these fibres) 13 about 50 mV 
„ , . . . r . rm , The restmg potential difference across the 

trode m interior of nerve fibre axon membrane is attributed principally to 
The Sr r tEe rt re 0 s f ting e "pTeXfZs tbe ^rence of K+ concentration between tbe 
been measured axoplasm and mterstitial fluid To account 

The lower part of thc^gram shows more completely for tbe potential difference 

the distribution of the charge one must probably also pav attention to tbe 
across the nerve membrane . r , / „ r~J v u ” 

The external surface is positively relative permeabibty of the axon membrane 

rn ne|itiveiVc h har“ed nal 8UrfaCB to tbe tbree principal ions concerned, viz K+, 

Na+, and CT and to their concentrations, mside 
and outside tbe fibre This is of great importance in connection with tbe 
production of tbe action potential (see p 485) 

Injury Potential —I f tbe interior of tbe fibre is connected with 
an injured point on tbe surface of tbe fibre, tbe mtenor and tbe damaged 
surface point are found to be at tbe same 

potential, i e they are equally negative j 0 , 

It is supposed that as tbe membrane has — ; — 1, 7 

been destroyed at tbe injured spot, tbe 71 

surface electrode now makes connection 

with the interior of tbe fibre If one sur- 1?IG •J'?® Injured Area of Nerve 

, , , Fibre is Negative relative to 

lace electrode is placed on a normal Normal Area 

point and another on an injured point, tbe The diagram shows how the injury 

latter is found to be negative relative to „ potential is measured 
tbe former (Fig 285) Tbe potential differ- Both electrodes areplaced onttie external 
ence recorded under these conditions is marespe^to^” INJ 13 negative 
called tbe injury potential , it is due to 

connection being made between tbe exterior and tbe mtenor of tbe fibre, 


tbe latter region bemg, as stated, negative, relative to tbe former 

Effect of Nerve Activity —A nerve fibre (Fig 286) is stimulated at S , 
tbe impulse set up travels along tbe fibre towards A , leads are taken from 
a surface electrode at A and another mside tbe fibre (I) When tbe impulse 
reaches A, ( i e when “ activity ” develops at A) it becomes negative relative 
to I Activity has changed tbe state of tbe membrane at A , tbe membrane 
is said to be “ depolarized ” “ Depolarization ” means tbe abobtion of tbe 
previous state of “ polarization ” , when tbe word was introduced, it was 
thought that at tbe active spot on tbe fibre, as at an injured spot, contact 
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was made with the mtenor of the fibre owing to a “breakdown of the 
membrane which no longer maintained a potential difference between its 
external and mternal surfaces This view is inaccurate, however An active 
spot differs in its electrical state from an injured spot on the nerve fibre 
An mi ure d spot has the same potential as the interior of the fibre , on the 
other hand the surface of the active spot is negative relative to the interior 
of the fibre The membrane at the active spot has thus become polarized 
m the reverse direction (Fig 286,3) 

Hodgkin and Katz 1 have recently suggested that during excita- 
tion of a nerve fibre, the axon membrane 
changes its relative permeabilities to K + , 

Na+, and Cl' In the resting state the rela- 
tive permeabilities are taken to be in the 
ratio 10 0*04 0 45, and these change to 
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Fig 286 — Surface of Active Area of Nerve Fibre ib 
N egative relative to Intenor of Resting Part 
of Fibre Right hand Part of Diagram shows 
Electncal Changes 
l=IsoelectrIc line (zero potential) 

2 Nerve Fibre at rest Connect electrode on surface at A 

with electrode in interior of fibre at I As I is relatively 
negative, record moves downwards (—60 mV ) 

3 Stimulate at S As activity develops at A, the surface 

electrode at A becomes negative compared with the 
interior electrode, I Record is deflected above base line 
(+40 mV) 

Ordinate in millivolts Upward deflection always represents 
relative negativity at A (t e the proximal electrode) 


10 20 0 45 Thus the axon membrane 
temporarily becomes selectively permeable 
to Na + and relatively impermeable to K + 
Na+ rapidly flows from the interstitial fluid 
into the nerve fibre until the Na+ concentra- 
tion mside the fibre exceeds that outside 




Fig 287 — Production of Mono 
phaBio Spike Potential 

A « Normal area B=Injured area 

The nerve fibre is stimulated at a 
point S at extreme left The 
impulse travels from left to 
right 

Stippled nrea=area of actrvity or 
injury 

Fust line before activity reaches A 

Second lme activity reaches A 

Third line activity has passed away 
from A 

Fourth line resulting electrical 
record 

1, 2, 3, represent electrical 
changes corresponding to 
events in first, second and 
third line respectively 


This reversal of the resting ratio of external to internal Na+ concentrations 
reverses the sign of the resting membrane polarization, as stated above during 
excitation the surface of the membrane becomes negative relativeto the interior 
With this background we cen now consider the normal methods of record- 
ing the electrical changes which accompany nervous activity 

Spike Potential (Monophasic Action Potential) —Two electrodes, 
connected to an oscillograph, are placed on the surface of a nerve fibre 
at right angles to its long axis (Fig 287) , A is a normal region , B is 
a region which has been killed or anaesthetized [The potential difference 
between A and B (injury potential) can be compensated for] Stimulate 

195 iO J 6 P ii2° l ’ 1949 ’ 108 ' 37 Keynes ’ lbld ’ 1951 > 1U > 119 Hodgkin, Brit mtd Bull , 
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the fibre at S , an impulse is generated , when the impulse reaches A the 
point A becomes momentarily negative compared with its initial resting 
state This negativity shows itself as a transient deflection, recorded up- 
wards , ( negativity at th e proximal electrode is always recorded as Jfn 
upward, deflection) The deflection is a simple upstroke rapidly returning 
to the base line , it is called, therefore, a monophasic variation, or spike 
potential (because of its brevity, shape, and transient nature) The ascending 
limb (upstroke) represents the development of activity at A , the descending 
limb (downstroke) represents the dying down of activity at A The amplitude- 
and the duration of the deflection depend on the diameter of the fibre and 



I'm 288 — Production of Diphasic Action Potential m Nerve Fibre 


1 


2 


3 


4 


Stippled part of nerve fibre = area of activity 

a flight hand records electrical changes Stimulate fibre at S 1 Activity develops at A 2 Activity 
passes away from A 3 Activity develops at B 4 Activity passes away from B 
b Activity is persisting longer at excited points than in a Stimulate fibre at S 

First line activity develops at A Second line equal activity at A and B Third line activity has 
passed awav at A and is stdl persisting at B Fourth line electrical changes 
Activity at A gives nse to a monophasic upward directed spike 

Activity at B gives rise to a similar downward spike The curve actually obtained is the upstroke of A 
continued along the interrupted line It is the resultant of algebraic summation of curves A and B 


other factors In fibres of large diameter (20/t) the duration of the spike 
is about 1 millisecond 

During the upstroke of the spike Na + leaks mto the fibre from the 
surrounding fluid , during the downstroke K+ is supposed to leak out of the 
fibre into the surroundmg fluid During the recovery period the normal 
resting ionic distribution is re-estabhshed 

Diphasic Action Potential — The experiment is repeated with this differ- 
ence the two points A and B from which the leads are taken are both normal 
Stimulate at point S (Fig 288, a) The impulse reaches A setting up the 
usual, upwardly recorded, spike potential which represents the development 
and subsidence of activity at A While the spike potential is being recorded 
at A, the impulse is moving on at its characteristic velocity towards B Let 
us suppose that A has already come to rest when the impulse reaches B B 
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becomes active compared, to A and the spike potential produced here is 
directed downwards (it is due to negativity at the distal electrode) The 
passage of the impulse past the two electrodes A and B produces two deflec- 
tions, the initial one (upwards) and the final one (downwards) , this double 
deflection is called the diphasic variation The detailed features of the 
diphasic variation depend on ( 1 ) the duration of the period of activity at A , 
(n) the time taken for the impulse to travel from A to B , this m turn depends 
on (a) the distance between A and B and (6) the velocity of conduction of the 



Fig 289 —Diagram of Current Distribution m Nerve during passage of a 
Brief Pulse of Current (After Katz, from Fulton, Textbook of 
Physiology, W B Saunders & Co 

Upper diagram shows the distribution of current flow from anode (+) to cathode (— ), 
outside the membrane (x e through the interstitial fluid), across the membrane, and 
inside the fibre (i e in the axoplasm) 

Lower diagram shows membrane current density It is greatest at the cathode and anode 
and dechnes in an exponential manner with distance from the electrodes Nerve 
excitability is increased at the cathode (catelectrotonus) and is decreased at the 
anode (anelectrotonus) 

impulse The diphasic variation m Big 288, b, is the algebraic sum of the 
“ overlapping ” potential changes (spikes) produced at A and B When 
leading from two normal points (A, B), the occurrence of a diphasic potential 
proves that the impulse has been propagated from A to B The occurrence 
of a monophasic deflection under these circumstances proves that the dis- 
turbance is localized and not conducted Diphasic variations are sometimes 
difficult to interpret , monophasic variations led from one normal and one 
injured point are preferable when one is aiming at a detailed analysis of the 
potential wave and especially when after-effects are bemg studied (p 489) 
Production of Nervous Impulse —This is most conveniently examined 
when the fibre is stimulated by means of a brief pulse of current Fig 289 
shows diagrammatically how the current flows from the electrode connected 
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with the anode, through the fluid outside the membrane, through the mem- 
brane, to the interior of the fibre, and then out again to the electrode con- 
nected with the cathode The ele ctrical change set up m the neighbourhood 
o f th e electrodes is called electrotonus catelectrotonus ^ atjhejoathode , anelec- 
trjotonus at the anode Electrotonus is a localized electrical change , "it is 
maximal at the electrode and diminishes m magnitude ( decrements ) ex- 
ponentially with distance from the electrodes , on switching the current 
on and off it rapidly builds up and subsides 

The following events are observed on increasing the strength of the 
current The electrotonus progressively increases m size (Eig 290) At the 
cathode it is associated with increased excitability of the fibre, at the anode with 

decreased excitability When catelec- 
trotonus reachesa certain magnitude, 
an impulse is generated at the 
cathode as shown by the appearance 
of a propagated spike potential (Fig 
290 a, b) It seems that the current 
flow at the cathode alters the state of 
the membrane , when this so-called 
“ depolarization ” (better, change of 
polarization) reaches a critical mag- 
nitude, an impulse is set up 

To recapitulate the electrical 
stimulus first sets up a localized 
electrical change in the fibre ( electro- 
tonus ) , whenjthe catelectrotonus has 
risen to a threshold size it generates 
a propagated electrical change (the 
spike potential) 

In considering the observations 
recorded above it should be remem- 
bered that under natural conditions 
nerve fibres are not stimulated mid- 
way along their course In the case 
of the afferent neurones the nerve 
endings are stimulated by appropriate 
stimuli, e g touch, heat, cold, stretch 
It is supposed that the natural stimuli produce the same sequence of changes 
m the nerve endings, i e localized catelectrotonus followed by a propagated 
action potential In the case of all other neurones the impulse is generated 
m the cell , the problem there is, how does an impulse arriving at a synapse 
stimulate the adjacent cell body , this question is considered on p 522 

Propagation of the Impulse — The spike potential acts like a travelling, 
stimulating cathode Consider Fig 291 at the boundary of the active region 
of the fibre, u at the site of production of the spike potential, a local closed 
electric circuit is set up, the current flowing from the positive resting region 
to the negative active region , this local circuit in front of the active zone 
is identical with the local circuit set up at the cathode, i e it is a region of 
momentary catelectrotonus When this catelectrotonus rises to the requisite 
magnitude it alters the membrane sufficiently for an impulse and Bpike 


m sec 

Fig 290 — Development of Catelectro- 

tonus and Spike Potential in Stimu- 
lated Nerve Fibre (After Hodgkin, 
Proc roy Soc B , 1938, and Newton, 
JRecent Advances in Physiology ) 

Electrical changes produced in nerve fibre at the 
stimulating electrode (cathode) by progres 
sively increased stimuli 

Ordinate magnitude of response as fraction of 
full spike potential (i e fraction of 40 
millivolts) 

Note the progressively increasing local cat- 
electrotonus With the strongest stimuli 
employed {a, b) the catelectrotonus develops 
into a full spike potential of which only the 
onset is here shown 
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potential to be set up The spike potential acts, then, as the stimulus to the 
zone of nerve fibre immediately adjacent to it , via the stage of catelectrotonus, 
the spike potential ( and impulse) are progressively propagated along the fibre 
It follows that the local magnitude of the spike potential depends on the 
local functional state of the fibre at each point, and not on the magnitude of 
the exciting stimulus Wherever a patch of membrane is “ depolarized 5 
it produces the maximal spike potential which it can If a region of a nerve 
fibre is depressed, e g by local anaesthetics or injury, the affected region, 
when stimulated by the arrival of the electrotonic wave (which travels in 
front of the spike potential) responds with a subnormal spike potential which 
is the best the depressed region of fibre can produce If a length of fibre is 
unif ormly but partially narcotized, the spike potential (and impulse) travel 
through it with a uniformly diminished mtensity When the spike potential 
reaches normal tissue again, the forerunning electrotonus generates a spike 
potential of normal magmtude once more 

By means of these circuits an impulse can “ jump ” a narrow region 


LOCAL CIRCUITS AT BOUNDARY OF IMPULSE ( 



DEPOLARIZED ZONE 

Fig 291 — Propagation of Nerve Impulse (After Hodgkin, 

J Physiol , 1937, 90, 183 ) 

The IrapulHo la moving from right to left In the nerve fibre Depolarized 
zone = active area, which is the site of the Bpihe potential It 
generates a current flow in the adjacent part of the fibre which 
sets up first a catelectrotonus and then a spike potential 

of complete block The spike potential is arrested when it reaches the block , 
but the local circmts can pass through it to excite the normal nerve fibre 
beyond It has been found that if the magmtude of the catelectrotomc 
potential reaching the normal zone is as small as 10% of the spike potential 
it can just excite the fibre and produce a propagated spike potential 

After-Potentials — The spike potential is followed in most fibres by 
a negative after-potential and then by a positive after-potential The 
negative after-potential shows itself by a retardation of the rate of descent 
of the terminal part of the downstroke of the spike , the positive after- 
potential consists of a descent below the resting level followed by gradual 
recovery (Fig 292) Type B nerve fibres (p 493) do not display_ajaegative 
after-potential The after-potentials are of long duration compared with 
the" spike ' During the negative after-potential the excitability of the fibre 
is increased and the conduction rate is faster , during the positive after- 
potential the fibre is m a subnormal state, and both excitability and con- 
duction velocity are depressed (cf Fig 293) 

All-or-None Relationship between Stimulus and Response— The 
magmtude of the spike potential (impulse) set up in any single nerve fibre 
is independent of the strength of the excitmg stimulus, provided the latter 
is adequate An electrical stimulus below threshold strength fails to elicit 
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a propagated spike potential , if it is of threshold strength or over, a spike 
(nervous impulse) of maximum magmtude is set up Either the single 
fibre does not respond with spike production, or else it responds to the utmost 
of its ability (under the conditions at the moment) This property of the 
single nerve fibre is termed the all-or-none relationship , it should be 
emphasized that this relationship apphes only to the unit of the tissue It 
applies also to skeletal muscle (the unit being the individual muscle fibre) 
and to heart (the unit being the entire auricles or the entire ventricles) 
Stimuli too weak to produce a spike do, however , set up a local electrotonus , 
as already explained, the magmtude of the electrotonic potential progressively 
mci eases with the strength of the stimulus until a spike is generated The 
all or-none relationship applies only to spike production 
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THOUSANDTHS OF A SECOND 

Fig 292 — After-potentials of Nerve Impulse (Gasser, 

J appl Physics, 1938, 9, 88 ) 

Ordinate magnitude of nerve potentials in arbitrary units 
Abscissa duration of potentials 

The above account deals, as stated, with the response of a single nerve 
fibre If a nerve trunk is stimulated, then as the excitmg stimulus is progres- 
sively increased above threshold a larger number of fibres respond , the 
explanation is that the minimal effective {i e threshold) stimulus is adequate 
only for fibres of high excitability, but a stronger stimulus is required to 
activate fibres of lower excitability Finally a strength of stimulus is reached 
which excites all the nerve fibres , increasing the stimulus further does not 
increase the response of the whole nerve 

Changes in Nerve during and after Activity — Changes m excitability 
and conductivity occur after the appearance of the nervous impulse, and 
these changes run parallel to one another (i) For the duration of the spike 
potential the fibre is absolutely refractory No stimulus, no matter how strong, 
can initiate a fresh impulse in this region , nor can an impulse generated 
elsewhere pass through this area Neither excitability nor conductivity, 
therefore, is present (n) The next few milliseconds represent the period of 
partial refractoriness At first a very strong current can excite the fibre, 
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which responds with a subnormal spike The strength of the minimal 
exciting stimulus progressively falls until excitability returns to normal 1 * 
( 111 ) During the negative after-potential, excitability is supranormal, while 
during the positive after-potential it is subnormal 

The fibres of largest diameter recover to 90% of the normal in 1 m sec , 
this means that they could conduct 1000 impulses per second of nearly full 
size, at least for short periods Motor fibies rarely have to conduct naturally 
at rates exceeding 100-150 per second , sensory fibres under extreme experi- 
mental conditions may have to conduct at 300-400 per second Normally 
then these fibres can readily cope with the lower frequencies with which they 
have to deal 

fibres of smaller diameter recover more gradually and consequently 
the upper limi t of impulse frequency which they can transmit is lower than 
m the case of larger fibres 

One of the reasons why a nerve fibre can respond to continuous stimula- 
tion for hours without fatigue is that the fibre is conducting not continuously 
but intermittently , any stimulus falling during the refractory period is 
ineffective, and the fibre responds agam only when it has recovered to some 
extent 

Metabolism of Nerve Fibres E — Minute quantities of heat are liberated 
by nerve fibres at rest, during, and after activity 

(i) At rest, 2x 10~ 5 g calories are given off per g of nerve per second , the 
energy hberated is probably being used to maintain the fibre m its normal 
excitable state 

(u) The passage of one impulse through 1 g of nerve liberates 1 X 10~ 7 
g calories , this initial heat production is very abrupt and coincides with the 
spike potential 

(ui) During the recovery period there is further liberation of heat ( delayed 
heat), which is 8 5 times as great as the initial heat , this energy is used to 
restore the normal excitability of the fibres 

(iv) Increasing the frequency of stimulation raises the total heat 
production 

(v) In the absence of oxygen there is a progressive falling off m the ini tial 
heat, 3 * a similar falling off in the delayed heat, a progressive but not quite 
parallel decrease m the size of the spike potential, and after 2-3 hours, 
extinction of all activity in the nerve When oxygen is readmitted the 
capacity for heat production returns and recovers fully in 1-2 hours 

(vi) Nerve fibres use oxygen and liberate C0 2 , the respiratory exchanges 
are increased by activity 

Metabolism of Neurones —The heat production of nerve j fibres, as 
indicated above, is extremely small Hill has calculated that stimulated 
skeletal muscle gives off about 7000 times tbe amount of heat released by 
an equal weight of nerve fibres stimulated for the same time It should be 
remembered, however, that a nerve fibre is merely the long process of a neurone 
The metabolic rate of neurones, unkke that of nerve fibres, is extremely high 


1 Similar changes occur m heart muscle though the sequence of events is much 

Blower (cf p 235) 

* Hill, Chemical Wave Transmission m Nerve, Cambridge, 1932 

In muscle, the initial heat is unaffected by oxygen lack, while the delayed heat is 

almost completely abolished (cf p 431) y er is 
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Interesting comparisons can be made between brain and skeletal muscle The 
blood flow to the brain (p 306) is 54^12 c c /100 g /mm , the arterial- 
venous 0 2 difference is 6 5 c c /100 c c , the 0 2 consumption of brain is 
thus 3 5 c c /100 g /mm The blood flow to violently contracting skeletal 
muscle (p 433) is, say, 40 c c /100 g /mm , let us assume that the venous 
blood is completely reduced, the arterial venous 0 2 difference thus bemg 
19 c c /100 c c The 0 2 consumption of muscle is then 7 5 c c /100 g /mm 
But the brain contains much white matter, i e nerve fibres, with a low meta- 
bobsm and a poor blood supply Taking this fact mto account, it appears 
that the metabolic rate and blood supply of cerebral grey matter is of the 
same order of magmtude as maximally contractmg skeletal muscle, a sur- 
prising but important conclusion 

The blood supply of grey matter is not related to the number of nerve 
cells present, but to the wealth of synaptic connections Thus a dorsal root 
ganglion which contams many nerve cells but no synapses has a relatively 
small blood supply It would seem, therefore, that the level of metaboko 
activity at synaptic terminals (presumably m relation to transmission pro- 
cesses) is very high 

The oxygen supply of the brain, though so large, is not greatly in excess of 
cerebral needs , any reduction in the flow or m the oxygen tension or content 
of the blood soon leads to disturbed bram function The metabolism of the 
bram (and of nervous tissue generally) is pecukar It can apparently only 
metabobze carbohydrate , but as its glycogen content is very small it is 
dependent for its energy on its contemporaneous blood sugar Bupply A fall 
of blood sugar (hypoglycaemia) m man produces predominantly symptoms of 
cerebral dysfunction (p 915) Lack of the vitamins which participate in the 
enzyme systems concerned with carbohydrate breakdown (e g thiamine, 
p 1026) produces derangement of the nervous system and ultimately 
permanent damage 

Different regions of the bram respond in a distinctive manner to physico- 
chemical changes m their environment Thus the respiratory centre is 
markedly stimulated by C0 2 excess or a rise of H+ ion concentration , 
apomorphme acts specifically on the vomitmg centre , cells m the hypothala- 
mus are sensitive to minute variations m blood temperature , morphine 
seems to act at the thalamic level , in fact much of the pharmacology of 
the central nervous system is an expression of the individual characteristics 
of different groups of nerve cells, which may prove to be associated with 
metabolic peculiarities 

< Types of Nerve Fibres — Three mam groups of nerve fibres are 
recogmzed 

A fibres all medullated somatic nerve fibres whatever their diameter 
(range 1-20 g) 

B fibres medullated (i e preganghomc) fibres of the autonomic 
nervous system (diameter range 1-3 g) 

C fibres all non-medullated fibres, somatic or autonomic (diameter 
under 1 g) 

• Properties of A Fibres — These have been studied m greatest 
detail 

(l) Conduction velocity this is directly proportional to fibre diameter , 
fibres of 1 g conduct at the rate of 5 metres per sec , the largest fibres 
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of 20 n diameter conduct at the rate of 120 metres per sec , fibres with 
intermediate diameters conduct at intermediate velocities (Roughly, the 
diameter m p, multiplied by 6, equals the velocity m metres per sec ) 

(n) The height of the spike potential is directly proportional to the 
diameter of the fibre 

(w) Fibres with the largest diameters are most excitable, i e they respond 
to weaker stimuli than thinner fibres 
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(iv) The time relationships and characteristics of the phases of the 
recovery process are shown in Fig 293 After the initial full recovery there 
is first a phase of increased excitability corresponding to the negative after- 
potential, followed by a second 
phase of decreased excitability 

corresponding to the positive after- ’ 1 0 ~ A A 

potential 'f DZ^ZiZZZuZZIl 

Properties oe B and C 
Fibres — B fibres (unlike A or ^ ' 00 ~/ r 

C fibres) develop no negative after- g 90 /" B 

potential and therefore do not -5; J , , , , , 

show th e asso ciated phase of.srora- $ 70 
normal^ reliability C fibres iy . c 

C'Cmbh' \ iibici in their general ^ „ "A 

characteristics but all the events !* j: \ 

are on a smaller scale and greatly ° ~ ~ 
drawn out in time (Fig 293) : |~, , , , , 

Time Factor m Excitation — o 100 200 300 400 500 600 

In considering the effectiveness of milliseconds 

a stimulus, attention must be paid - 9Q „ T , , , , , , . 

not only to the strength of the stgt 

current, but also to the time Responses (Gasser, Ohio, J Sci , 1941, 

during which it is allowed to flow 41, 145 ) 
through the tissue A strong current a, b, c=a, b, c fibres respectively 
produces a response after a very 0 rd 1 of f e k « tabih ty f excitafnll{y 100 = Control level 
short time of flow , as the strength Value over 100=supranomal state, value under 

of the current IS reduced a longer Abscissa the time interval between the stimulus 
duration OI now IS required to which produced the response and the subsequent 

stimulate, if the current falls 

below a minimum value it fails to stimulate no matter how long the 
duration of flow The relationship between the current strength and the 

cm^Fig° f 2 C 9T) rent fl ° WneCeSSary t0 stimulate 1S shown m a strength-duration 

Chronaxie AND Rheobase -The weakest current strength winch can 
excite a tissue if allowed to flow through it for an adequate time is called the 
rheobase (A still weaker current fails to stimulate no matter how long the 
duration of current flow ) The tissue is then tested with a current strength 
equal to twice 5 the ; rheobase the duration of the current flow which stimulates 
the tissue under these conditions is called the chronaxie (Fig 294) 

,, yhEonaxie values are a useful mdex of the relative excitability of tissues 
hus the chronaxie of nerve fibre is considerably shorter than that of skeletal 

Ranges m the strength-duration curve and chronaxie of 
denervaied skeletal muscle are considered on p 506 ) * 
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Accommodation 1 — A current which rises suddenly to its full value is 
more effective and excites at a lower threshold than if it rises slowly In 
the case of nerve fibre, the current must have a minimal gradient, in order 
to excite if the current rises more slowly than this, it is ineffective no matter 
what strength it ultimately attams It is suggested that the tissue, if allowed 
sufficient time, sets up a “ resistance ” to the current and so to say “ accom- 
modates " itself to it The current seems to set up some process which 
counteracts the stimulus and consequently increases the threshold at which 
excitation can occur The nature of this process is unknown, hut it is called 
“ accommodation ” 



Fig 294 — Strength-Duration Curve Rheobase and Cbronasie 

The curve shows the relationship between the strength of stimulation (current strength) 
and the minimum duration of stimulation (i e duration of current flow) necessary 
to set up an impulse 
R= Rheobase 
2R=2xR 

When 2R is the strength of stimulus, the minimum duration of current flow which 
can produce excitation is called the chronaxie (C) 

To determine the accommodation the tissue is stimulated with currents 
which rise at different rates , the threshold strength is noted If accommoda- 
tion is rapid (or “ good ”) the threshold strength with a given rate of current 
rise is high if accommodation is slow (or “ poor ”) the threshold strength 
with the same rate of current rise is low If accommodation is lacking the 
threshold will be at the same level irrespective of the rate of current rise 2 
Impaired accommodation is probably responsible for the phenomena of 
tetany (p 1004) 

Effects of Nerve Section 3 — 1 Changes in the Nerve Cell — Chroma- 
tolysis occurs m the nerve cells giving rise to the cut fibres The changes 
begin within 48 hours of section of the nerve, and reach their zemth m 15 
to 20 days The Nissl granules break up into a fine dust , later the dust 

1 Kugelberg, Acta physiol scand , 1944, 8 ,Suppl 24 

2 A similar phenomenon m nerve endings is called “ adaptation ” (p 550) 

8 Cajal, Degeneration and Regeneration of Nervous System, 2 vols , London, 1928 Young, 
Physiol Rev , 1942, 22, 318 
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may lose its staining reaction, and the cell appears colourless (Fig 295) 
The Golgi apparatus fragments and dwindles m amount The cell swells 
from increased fluid content, becomes rounded and_ the neurofibrils dis- 
'appear The nucleus is displaced to the cell margin , it may be completely 
extruded, in which case the cell atrophies and finally disappears 

The degree of chromatolysis depends on ( 1 ) the proximity of the site of 
section to the nerve cell , (n) the nature of the section If the nerve is 
forcibly torn, death of the cell often results 
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Fio 295 — Changes m Nerve Cells of Spmal Cord during Chromatolysis (After Penfield 
and Dailey, from. Fulton, Physiology of Nervous System ) 

A Golgi apparatus From left to right normal cell , break up of apparatus 7 days after section of 
axon , dissolution of apparatus after section of spinal cord 
B Nissl granules From left to right normal cell , moderate chromatolysis from fatigue , extreme 
cbromatolysls 


Repair begins in 20 days and is completed in 80 days The Nissl granules 
and Golgi apparatus gradually reappear , the cell regains its normal size, 
and the nucleus returns to its central position Cell repair may occur even if 
the axon does not regenerate 

Afferent Neurones — ( 1 ) If the peripheral axon of a dorsal root ganglion 
is divided, the changes described above occur, but pass away more rapidly 
( 11 ) If the central axon is cut, the changes in the ganglion cells are slight 
[Similarly, m tabes, where the central axons of the dorsal nerve roots are 
damaged by syphilis, the ganglia show very slight changes ] The synaptic 
terminals m the spinal cord (p 522) show characteristic changes , they swell 
after 24 hours, begin to disintegrate after 3 days, and disappear m 6 days 
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Central Nervous System — Most of the affected cells atrophy completely 
As usual the atrophy is more intense when the fibres are cut close to their 
parent cells 

Changes m autonomic ganglia are difficult to demonstrate owing to the 
normal sparseness of the Nissl granules 

Chromatolysis also occurs in exhaustion, intoxications, and decreased blood 
supply In hyperpyrexia, e g brief exposure to 109° F , or more prolonged 
exposure to 107° or 108° F , death of the cell and coagulation of its substance 
result 

2 Changes in the Nerve Fibre —(1) Stage of Degeneration — 
The jjart of the nerve fibre distal to the point of section undergoes degenera- 
tion The process sets m within 24 hours and on the third day the fibre 
ceases to conduct impulses Histological and "chemical "changes occur 
simultaneously along the whole length of the distal stump The axis cy lin der 
sphts up mto short lengths the medullary sheath breaks up into oily droplets 
of varying size During this period the fibre stains black with Marchi’s fluid 
(p 499) Degeneration may occur m the central end for a variable (usually 
short) distance from the pomt of section Degeneration is complete m 3 
weeks , the fibre debns is then removed by surroun din g macrophages_which 
penetrate into the neurilemmal tubes (Fig 296), the process being complete 
in 3 months 

Soon after the section, the nuclei of the Schwann cells divide mitotically 
along the whole course of the peripheral stump , the responsible stimulus is 
unknown The Schwann cytoplasm likewise increases m amount and gradually 
fills the neurilemmal tube as the debris is removed The Schwann tissue 
differentiates into thin elongated cells which grow_from the cut end of the 
distal stump and sprout m all directions, progressing at the rate of 1-2 mm 
peFday The “ useful ” growth is towards the central end of the cut nerve , 
m this jway . the„ Schwann "tiss ue may brid g e a co nsiderable gap between the 
two encta of the cut nerve, even up to 3 cm , and estabhsh connections with 
the central end If the two cut ends of the nerve are stitched together the 
Schwann cells readily estabhsh a fibrous bond of umon The peripheral tubes 
shrink to half diameter m 7 weeks and may so persist for about 18 months 

(2) Stage of Regeneration (Figs 296-298) — At the same time the 
central axons elongate and grow out in all directions Each growing fibre splits 
and may give rise to many, even up to 100, fibrils The" regenerating "fibrils 
meet the"Schwahn cells winch serve as a me’cHamcal bridge to guide the fibrils 
to the peripheral neurilemmal tubes As far as is known chemical attractive 
forces are not involved Two or three weeks after the section, the peripheral 
tubes contam varying numbers of developing fibrils, some none, some as many 
as 25, attached to their inner wall and steadily growing distally (Fig 296) 
Some fibrils may pass between the tubes and somehow receive a covering of 
Schwann tissue Finally all the fibres m any distal tube degenerate except 
the single successful one which progressively enlarges to fill the tube Fibrils 
from one fibre may enter severalhubes but probably only one fibril can survive 
The daily rate of growth is 0 25 mm in the junctional area of scar tissue, 3-4 
mm in the peripheral stump, and rather faster m the distal end of a crushed 
nerve where the mechanical conditions for regeneration are easier than m a cut 
nerve Medullary sheaths begin to develop m about 15 days and follow the 
course of the fibre (Fig 297) Increase in fibre diameter takes place very slowly 
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(Fig 298) The diameter finally^ attamed is limited by the diameter of the 
peripheral tube and the size of the 'parent nerve cell A thick fibre cannot 
develop m a thin neurilemmal tube , the development of thick fibres m 



Fig 296 — Transverse Section of Fibres in Peripheral Stump of Nerve, 2 cm distal to site 
of Section The nerve had been cut 26 days previously and the cut ends immediately 
sutured (Young, Physiol Rev , 1942, 22, 338 ) 

N= nerve fibrils, some cut longitudinally and some transversely (latter appear aB coarse dots) , S, P =nucleuB 
and protoplasm respectively of Schwann cell , M== macrophage nucleus and related cytoplasm 
Macrophages have invaded the Schwann tubes and compress Schwann nuclei ( e g right-hand tubes) 
Many fine nerve fibrils run along the inner aspect of the membrane lining each tube 



Fig 297 — Transverse Sectioa of Peripheral Stump of Rabbit’s Nerve severed 150 days 
previously The stumps were left unsutured and union was made by outgrowth 
Mediation is consequently somewhat retarded (Young, Physiol Rev , 1942, 22, 

macro phage nucleus, P=related cytoplasm, S=Schwann nucleus and related cytoplasm, My = 
myehn of developing nerve fibres , Fi=fibroblast Note that the Schwann tubes contain one to four 
nerve fibres of varying size with developing myelin sheaths Only one tube (ET) Is umnnervated 

general is hampered by the shrinkage of the peripheral tubes to which reference 
was made above , a small cell can only give rise to a fine fibre even when the 
latter findB itself m a large tube Regenerating rabbit nerve 2 cm below the 
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point of suture examined 200 days after tile section showed very few fibres 
exceeding 2|nn diameter 

The frameworks of the sensory and motor endings can persist for months 
When the growing axon tip ultimately reaches the nerve ending it establishes 
a connection with it which at first may be atypical m appearance but later 
becomes normal A good many fibres will establish connections with new 
lands of endings m new situations , the functional complications that may 
result are discussed on p 556 It is possible that when a number of nerve 
fibrils grow down one tube to the same ending the appropriate one alone 
survives to establish effective connections It is conceivable also that when 
a new fibre reaches skm or muscle it may call forth locally the appearance of 
a suitable ending [In tissue culture, when a nerve fibre meets a myoblast a 
motor end plate is formed ] As is explained later (p 557) functional recovery 
lags considerably behind anatomical regeneration 

Regeneration never tales place m ike central nervous system , regenera- 
tion of the central axon of a dorsal nerve root may occur as far as the pia, 
but there is no penetration into the spinal cord 



Fra 298 — Stages m Pi ogress of Regeneration m Schwann Tube after 
immediate Suture m Rabbit (Fig,ures show time after suture in days ) 
(Young, Physiol Rev , 1942, 22, 343 ) 

25 days many fine fibres at edge of tube 

60 days one or two fibres have enlarged and are placed more centrally 
100-150 days one large medullated fibre occupies centre of tube, the fine fibres 
still remaining at the periphery 

400 days flue fibres have disappeared , central fibre has further enlarged 


Transneuronal Degeneration — A nerve cell may sometimes undergo 
degeneration if the afferent fibres passing to it are cut Thus when the optic 
nerve is cut, the cells m the lateral geniculate body (round wbieb tbe optic 
nerve fibres end) undergo chromatolysis , these cells, however, receive 
afferents from no other neurones except those arising m the retina (p 575) 
But similar degeneration may occur after dorsal root section in the cells 
m the dorsal horn of the spinal cord which receive collaterals not only from the 
dorsal nerve root but also from descending fibres Tbe ventral horn cells may 
degenerate m cerebral tumours involving tbe precentral convolution although 
ventral born cells receive afferents from very many sources Transneuronal 
degeneration may be a factor in the pathogenesis of system diseases, eg 
when both the pyramidal tract and the lower motor neurones are involved 

Staining Reactions of Nerve Fibres —(1) Osmic Acid —Normal 
medullated nerve fibres stain black with osmic acid which is reduced to the 
black osnnc oxide 

(2) Weigebt-Pal Method — For accurate investigation of the white 
matter of the nervous system, the tissue must be fixed and hardened for 
a long time (weeks) m Muller’s fluid (weak bichromate solution) To 
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demonstrate areas of sclerosis or regions where the nerve fibres have 
been destroyed and have completely disappeared, the Weigert-Pal stain is 
employed The principle of the method is to stam the whole section black 
with a modified hsematoxyhn stam The stam is then removed from the 
diseased (scar) areas by means of bleaching agents hke potassium perman- 
ganate or sodium sulphite The normal fibres stam a deep blue-black, and the 
scar areas remain quite colourless 

(3) Marchi’s Method — Marchi’s fluid (a mixture of potassium bi- 
chromate and osmic acid) does not affect normal nerve fibres, but stains the 
sheaths of fibres in the early stages of degeneration black The reaction can 
be obtained between the 8th and 21st day and is maximal about the 12th 
day The mode of action of the stam is obscure 

(4) Special stains must be employed to demonstrate non-medullated 
fibres These techniques have revealed the very widespread distribution of 
non-medullated fibres m the central nervous system 


PROPERTIES OF THE MOTOR UNIT 1 


The Motor Unit — Skeletal muscles receive their motor nerve supply 
from the ventral horn cells of the spinal cord and the correspondmg cells m 
the motor cramal nuclei Each ventral horn cell (or cramal equivalent) 
supplies a considerable number of muscle fibres, varying with the individual 
muscle, from 5 to 150 A ventral horn cell and its efferent fibre is a motor 
neurone , it is called by chmcians the lower motor neurone A motor neurone 
together with the group of muscle fibres which it innervates is called a motor 
unit The smallest group of muscle fibres that can ever be employed naturally 
m the body, either m reflex or voluntary activity, is obviously that supplied 
by a single motor neurone The muscle fibres m one motor unit when thrown 
into tetamc (maximal) contraction yield a tension of 5-30 g , this then is 
the tension range that can result from the maximal discharge of a single 
ventral horn cell A single twitch of a motor umt yields much smaller tensions 
(one-fifth the tetanus tension) The muscle fibres m the larger motor units 
are supphed by thicker fibres (e g 15 g), the smaller by finer fibres {eg 4 ju) 
The size of the umt varies mversely with the precision of the movements 
performed by the part , eg m the hmb muscles the umt may contain 150 
muscle fibres, m the eye fewer than 5 

All the efferent fibres passing to skeletal muscle are excitatory, i e they 
produce contraction of the muscle fibres There are no efferent nerves which on 
stimulation produce relaxation or elongation of the muscle, % e there are no 
inhibitory efferents [In the case of smooth and cardiac muscle the efferent 
supply is both excitatory and inhibitory ] Skeletal muscle contraction under 
natural conditions always results from discharge of the motor neurones , 
muscular relaxation is the result of a decrease or cessation of discharge of 
the motor neurones (cf p 1127) 

Response of Muscle to Motor Nerve Stimulation — (1) A single 
electrical shock of adequate strength apphed to the motor nerve gives rise to a 


1 Fulton, Muscular Contraction and Reflex Control of Movement, London, 1926 For 
on muscle action potential see Hodgkin and Nastuk, J cell comp Physiol , 
1950, 35, 39 , Hodgkin, Brit med Bull , 1950, 6, 322 y ' 
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simple muscle twitch (Fig 299) After a short latent period the muBcle con- 
tracts and then relaxes , the twitch is over in about 0 1 second If the 
stimulus applied is of threshold strength it can (theoretically) excite one 
motor nerve fibre and its related group of muscle fibres, t e one motor unit 
As the strength of the stimulus applied to the nerve is increased, more nerve 
fibres, and therefore more groups of muscle fibres respond, and the strength 
of the resultmg contraction is correspondingly greater With what is called 
maximal stimulation, all the nerve fibres are excited and consequently all 
the muscle fibres supphed by the motor nerve contract 

(2) If a second maximal stimulus is applied at varying intervals after the 
first, the following results are obtamed If it falls during the latent period of 
the muscle (i e the first few milliseconds), the arrival of the nervous impulse 
produces no additional response — the muscle is said to be completely re- 
fractory If applied later, a second muscular response results, leading to 
further development of tension ( summation of effects) irrespective of the phase 



Fig 299 — Summation of Responses in Skeletal Muscle (After Cooper 
and Ecoles, J Physiol , 1930, 69 ) 

Isometric Contraction Curves of Mammalian Nerve Muscle Preparation 

Ordinate— tension In kg 

In each record the lower curve represents the response of the muscle to a single maximal 
stimulus to the motor nerve The continuous thick hue represents the response to the 
initial stimulus followed by a second stimulus The second stimulus in A was applied 
during the rise of tension, in B at the height of contraction, and in C during relaxation 
Further development of tension occurred in each case 

of the muscle cycle m which the stimulus is apphed, i e whether during 
r ising tension, the height of contraction or relaxation (Fig 299) The tension 
resulting from two maximal stimuli apphed successively at suitable intervals 
i may ts be considerably gre ater than that from a single stimulus of the same 
strengh 

(3) If a series of maximal stimuli are apphed at increasingly short mtervals, 
increasingly complete degrees of summation take place At low rates (in 
mammalian muscle, 10-20 stimuli per second) the mechanical fusion is 
incomplete and the muscle gives a tremulous response ( partial or sub-tetanus) 
At higher rates (about 60 per second) the mechanical fusion is complete, and 
full tetanus results (Fig 300) It is essential to appreciate that the more 
complete the tetanus the greater is the tension exerted by the fibres, and the 
steadier their pull , in fact, with full tetanus it may be almost impossible to 
detect the slightest flicker m the mechamcal record, though the electrical 
record shows a senes of discrete waves corresponding to the arrival of each 
nervous impulse (Fig 302, B) As maximal stimuli were employed m the 
experiments described in (2) and (3) above, the increase m tension produced 
by repetitive stimulation cannot be ascnbed to more nerve and muscle fibres 
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coming into action The greater tension of a tetanus compared with a twitch 
is thus due to each muscle fibre generating a greater tension when repetitively 
stimulated 

These results are of the greatest practical importance In both reflex 
acts and voluntary movements the behaviour of the motor units must depend 
on the character of the discharge from the motor neurones It can be proved 
that their rate of discharge may vary from very low to very high levels, i e 
from 5-10 to 100-150 per second , the degree of tetanus resulting (i e whether 
partial or complete) and the consequent nature and strength of the con- 
traction will vary correspondingly m the way detailed above Further, there 
is some delay (slight, it is true) before the tetanus develops its maximum 

KS 



Fig 300 — Genesis of Tetanus (After Cooper and Eccles, J 
Physiol , 1930, 69 ) 

Response of Mammalian Nerve Muscle Preparation 
Isometric contraction records Tension (ordinate) in kg 
iowest curve — response of mnscle to single maximal stimulus to motor nerve 
(simple twitch) 

A, B, C, D— responses to rapidly interrupted maximal repetitive stimuli 
A at 19, B at 24, C at 35, and D at 115 stimuli per second Curves 
A, B, C show partial tetanus , curve D shows full tetanus 
Note as the frequency of stimulation rises the tension developed becomes 
greater and is sustained, more steadily 


tension, so that the duration of the motor neurone discharge may be of 
importance also The degree of activity of each motor unit can thus be 
finely graded from the centre Further, the number of ventral horn cells 
activated durmg any reflex or other kind of act may be varied , the n um ber 
of motor units m action at any moment is thus regulated, and obviously the 
larger the number of active motor units (all other factors being the same) the 
greater the tension resulting Reference will be made to these principles 
again and again m subsequent sections (e g pp 542, 585, 648) 

There is another point of great importance m connection with the low rates 
of motor neurone discharge It may be argued quite properly that the result- 
ing partial tetanus, owing to its tremulous character, would be of little use 
either for maintaining positions or carrying out movements This disadvantage 
is overcome m a subtle way by making the central discharge asynchronous 




502 


ELECTRICAL CHANGES IN MUSCLE 


% e the cells m what is called the motor new one pool, which innervates the 
muscle, discharge out of step and do not fire off impulses simultaneously As 
a result, the different muscle units are all (at any one moment) m different 
phases of activity , when one group is contracting another is relaxing, and 
vice versa Algebraic summation occurs, the individual variations are evened 
out and the muscle gives a steady pull This idea is represented diagram- 
matically for two motor units m Pig 301 These views will be used to explain 
the steady pull m decerebrate rigidity (p 585) and other postures, and in weak 
movements such as those of the diaphragm in quiet breathing (p 392) 

Muscle can contract under two sets of conditions (l) isotonic, where free 
shortening is permitted and its degree can be recorded , (n) isometric, where 
shortemng is reduced to a minimum and the tension developed is measured 
XA(Electncal Changes in Skeletal Muscle —(1) Stimulation of a muscle 
through its nerve is called indirect stimulation 



FlO 301 — Asynchronous Discharge 
converting Partial Tetanus into 
a Steady Pull 

Two motor units (A and B) are repre- 
sented, which are stimulated at the 
same low rate so that each unit 
responds with a partial tetanus and 
therefore with a tremulous con 


(i) When a muscle is stimulated 
mdirectly, a localized potential first 
appears at the motor end plate as 
explained on p 512 When this end plate 
potential attains a critical magnitude 
it generates a propagated muscle action 
potential which travels simultaneously to 
both ends of the muscle fibre (Fig 302) 
(n) A single stimulus produces a 
single muscle action potential , it is 
completed during the phase of rising 
mechanical tension of the twitch (Fig 
302, A) 

(in) If the nerve is stimulated 
repetitively a muscle action potential 
develops in response to each stimulus m 


traction If the interval betw een the 
onset of stimulation of A and B is 
suitably spaced (as explained in the 
text), the combined contraction of 
the two units leads not only to a 
greater tension but to a steadily 
maintained contraction (curve C) 


the senes even when the mechamcal 
record shows complete fusion of the 
contraction waves (Fig 302, B) The 
electrical record thus indicates the rate 
at which the nerve is being stimulated 


(iv) When an electrical stimulus is apphed directly to a normal muscle, the 
response is due to stimulation either of the nerve fibres within the muscle 
or of the motor end plates , the stimulation employed is thus still indirect 
(2) Direct stimulation of the muscle fibres can be achieved after treatment 
of the muscle with curare which blocks neuromuscular transmission (p 516) 
(i) When a curanzed muscle is stimulated directly the sequence of events 
resembles that occurnng m a stimulated nerve fibre A local catelectrotonus 
is first produced , when this reaches a critical magnitude a propagated action 
potential is generated (cf nerve spike potential) which travels at a low velocity 
The interior of a resting muscle fibre is negative compared with the surface , 
during activity the surface becomes negative compared with the interior, i e the 
resting polarization is reversed (as m nerve fibre (p 484) and cardiac muscle 
(p 240)) The muscle action potential is due to the movement of ions 
between the intracellular and extracellular fluids (cf p 485) 

(u) The shape of the action potential depends (as in nerve) on the recording 
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conditions When one electrode is on an injured patch of muscle and the 
other is on intact muscle the wave is monophasic , when both surface elec- 
trodes are on normal muscle the record is usually diphasic (cf p 485) 

(3) When a muscle is m a state of tone or is contracting voluntarily, the 
motor neurones (as explained on p 585) discharge {“ fire ”) asynchronously. 
The electrical record obtained under these conditions from the muscle as a 
whole (with belly-tendon or surface leads) shows rapid irregular variations, 
quite unlike the rhythmic, repetitive pattern of the electrical record m Fig 
302, B, which is the result of synchronous stimulation of all the motor nerve 
fibres The belly-tendon or surface electrode leads record the sum of all the 
, motor unit activity present at any moment in the muscle In order to observe 
the rate of firing of individual motor units and, therefore, of individual ventral 



Fio 302 — Mammalian Nerve-Muscle Preparation Electrical and Mechanical 
Changes in Skeletal Muscle m response to Motor Nerve Stimulation 
(Sherrington et al , Reflex Activity of Spinal Cord, 1932 ) 

m— mechanical record e=electricil record of whole muscle One recording electrode is placed 
on the belly of the muscle, the other on the tendon (belly tendon lead) 

A Response to single stimulus Diphasic action potential which is completed m the early par «of 
the contraction phase Time in 0 01 second 

B Response to stimulation at the rate of 67 per second There is almost complete fusion of the 
mechanical contraction waves, but the action potential waves are distinct aDd discrete and 
follow the stimulation ate 


horn cells, it is necessary to use a concentric needle electrode, tea hypodermic 
needle down which a fine insulated wire is inserted so that the bare tip of the 
wire just shows at the point of the needle This limits the electrical pick-up 
to the muscle fibres m the vicinity of the needle tip, and it is then relatively 
easy to record the activity of individual motor units and to determine their 
discharge rates (Fig 419) 

j ( 4 ) Although the motor unit is the physiological unit of muscle action, 
it is possible in cases of injury or disease of the lower motor neurone to record 
the action potentials resulting from the spontaneous random discharge of 
single muscle fibres or of groups of fibres constitutmg a fraction of a motor 
unit ( fibrillation potentials, Fig 303, A, B) The normal motor unit action 
potential is the sum of the action potentials of all the individual muscle 
hbres of which the unit is composed Thus the motor unit action potential 
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is of greater amplitude than the single fibre action potential , it is also of 
longer duration because the muscle fibres of a motor unit do not fire off 
absolutely synchronously but with a temporal dispersion of some 5—10 
milliseconds (Fig 303, N) 

Fatigue — If motor nerve stimulation is repeated for a sufficient length 
of time, fatigue develops The latent period of the contraction becomes 



Fig 303 — Normal Muscle Action Potentials and Fibrillation Potentials (Weddell 

et al , Brain, 1944, 67 ) 

lie cords taken with concentric needle electrode in skeletal muscle In man 
N, N Representative action potentials of motor unit of normal muscle Potentials 
are mainly diphasic Note their magnitude and duration 
A Fibrillation potentials in denervated muscle The deflections are small and very 
brief 

B Occasional fibrillation potentials in another denervated muscle 
C Same muscle as in B after administering prostigmine (an anticholinesterase) The 
frequency of the fibrillation potentials is greatly increased Time in 10 m sec 


longer, the rise of tension is slower and smaller, and relaxation is more gradual 
and incomplete Finally, the muscular response ceases altogether If the 
muscle is now stimulated directly it agam responds well until finally fatigue 
once more sets in The site of fatigue with indirect stimulation is obviously 
not m the muscle fibres themselves nor m the nerve fibres (which are for 
practical purposes unfatiguable) , it is believed to depend on changes in the 
neighbourhood of the motor end plate, but their nature is unknown The 
cause of fatigue of muscle to direct stimulation is also unknown 
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All-or-None Relationship between Strength of Stimulus and Size 
of Response. — (1) When curarized skeletal muscle is stimulated directly, it 
displays the all-or-none relationship m the sense already defined for nerve 
(p 489) The individual muscle fibre does not respond at all if the stimulus 
is too weak , it responds maximally (for the prevailing environmental 
conditions) when the stimulus rises to threshold , the contraction is not 
increased if the stimulus strength is further raised Stronger stimuli, however, 
progressively bring more muscle fibres into action and thus the tension of a 
muscle increases as the strength of the stimulus applied to it rises <0 ' 

(u) S imila rly when a motor nerve is stimulated the muscle fibres which it 
supphes always react to the best of their “ ability ” If a stronger stimulus 
is applied to the motor nerve more nerve fibres are activated and consequently 
more groups of muscle fibres contract, all of them to the best of their ability 
(in) These results are of purely academic interest, because under natural 
conditions m the body, artificial stimuli of varying strength are not applied 
directly to the muscle or to its motor nerve fibres , the nerve fibres are 
activated by a discharge from their parent cells More motor nerve fibres 
are brought into action in the body when more ventral horn cells discharge 
It is very important also to appreciate that the responsiveness of the muscle 
is modified by many local conditions, and that both experimentally and 
naturally the same tram of nerve impulses may lead to wide variations m 
resulting tension Thus the mechanical response of a muscle to a maximal 
stimulus supplied to a motor nerve is greater with greater initial length of 
muscle fibre (within certain limits), or higher temperature , it is also affected 
by the freshness of the preparation and the adequacy of the blood and oxygen 
supphes (ltisdimimshed by fatigue or asphyxia) The response to stimulation 
at high rates, the tetanus, as already emphasized, has four or five times the 
tension of the twitch It will be explained, later that the muscle response is 
greatly modified by drugs such as curare (p 516) or esenne (cf p 515) „ 

Effects of Section of Motor Nerve Lower Motor Neurone Lesion *— Ly ' u 
Injury or destruction of the ventral horn cells (or the cells in the motor cranial 
nuclei) or of the motor fibres supplying the muscles produces a characteristic 
series of changes 

(1) Results of Section of a Motor Nerve — (i) The nerve fibres distal 
to the point of section undergo degeneration (p 496) , this applies to both 
the efferent fibres (and ultimately to the motor end plates, infra) and to the 
afferent fibres (and the muscle sense-organs from which they arise) 

(u) The ventral horn cells (and to a minor extent the cells of the dorsal 
root ganglia) undergo ckromatolysis 

(in) The muscle fibres which have been deprived of their efferent nerve 
supply become completely paralysed , all reflexes mcludmg reflex tone are 
abolished and so the muscles are flaccid 

(iv) After three months the motor end plates become distorted or dis- 
appear The denervated muscle fibres progressively shrink, presumably 
from disuse, for a period up to three years Later, if re-mnervation has not 
taken place, “ disruptive ” changes occur The muscle fibres spht longitudin- 
ally mto individual fibrils and also fragment transversely , later they are 
converted mto tubes filled with deeply staining nuclei and granular material 

ibid lll4 deU ^ ° l ’ Sraw ’ 1944> 67 ’ 178 Bowden and Gntmann, ifod , 273 Kitclue, 
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and finally disappear Within the first three years re-innervation of the 
muscle may restore it to a varying extent structurally to normal , after 
three years useful recovery is improbable 

(v) Varying degrees of functional recovery may occur, depending on the 
success with which regeneration of the motor fibres take place The new 
outgrowths take place from the central cut ends of the nerve fibres The 
difficulties in the way of satisfactory re-mnervation of the muscles are of the 
same kind as those described for regeneration of sensory nerves (p 556) 

(vi) Fibrillation potentials (p 503) (Fig 303, A, B) are found m muscles 
3 weeks or more after motor nerve injury They are due to a discharge 
arising at the end plates It is known that denervated motor end plates 
aie_abnormally sensitive to the action_of acetylcholine The~ denervated end 
plates are'thoiiglfff to" b e~respondmg~ to acetylcholine either formed m some 
unexplained way locally or brought to them m the blood m concentrations 

which normally would be 
ineffective Fibrillation dis- 
appears when the end plates 
disappear or the muscle 
fibres become irresponsive 
The amount of fibrillation 
activity and the frequency 
of discharge are greatly 
mcreased by drugs like pros- 
ti gmme , which potentiates 
the action, of. acetylcholme 
(Fig 303, C) , prostigmine 
may , induce fibrillation 
which was not detectable 
previously 

(vn) Changes m Strength- 
Duration Curve — The 
method used m man is as 
follows (i) a small stimu- 
lating electrode is placed 
over the “ moto r— p oint,” 
t e the pomt on the skin which is nearest to where the motor nerve enters the 
muscle , (n) another large (or “ indifferent ”) electrode is applied to the skm of 
some distant region Square pulses of current of duration 0 01, 01, 10, 10 
and 100 milliseconds are applied through the electrodes , the minimal voltage 
needed to produce muscular contraction is noted and the results plotted as 
m Fig 304 They constitute a strength duration curve for the most excitable 
fibres in the motor nerve The technique is very crude compared with that 
employed experimentally when the exposed nerve fibres are directly stimu- 
lated (p 493 and Fig 294) 

Following a nerve injury, the affected nerve fibres becomes mexcitable 
after a few days If only the most excitable fibres are injured, the strength- 
duration curve subsequently obtamed represents the response of the intact 
less excitable fibres If the entire motor nerve is severed and all its fibres 
degenerate, the denervated muscle will respond ultimately only to adequate 
direct stimulation of its constituent fibreB As the chronaxie of muscle fibres 



Fig 304 — Effect of Section of Motor Nerve on 
Strength-Duration Curve of Human Muscle 
(Ritchie, Brain, 1944, 67, 319 ) 

Ordinate Strength of stimulus in volts 
Abscissa duration of current flow in milliseconds The 
range of responses in normal muscles and in denervated 
muscles is shewn 
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is much longer than that of nerve fibres, the strength-duration curve is 
correspondingly altered Pig 304 shows that stronger stimuli or currents of 
longer duration must be employed to elicit a muscular contraction Should 
the° motor nerve fibres regenerate later, the curve gradually returns to the 
normal pattern (Pig 305) When the denervated muscle fibres degenerate 
completely no response is obtained to electrical stimulation of any duration 
or (tolerated) intensity 1 

(2) If the ventral ho rn cells are destroved^mo^egeneration, and therefore, no. 
recover ycanocc ur The functional loss is purely motor (and not sensory, too) 



FiO 305 — Effect on Strength-Duration Curve of Human 
Muscle of Section of Motor Nerve followed by ReButurmg 
and Regeneration of Motor Nerve Fibres (Ritchie, 
Brain, 1944, 67, 322 ) 

Ordinate Strength of stimulus m volts 
Abscissa Duration of current flow m milliseconds 


ELECTRICAL AND CHEMICAL TRANSMISSION OP THE NERVE 

IMPULSE 

When a nervous impulse, travelling m an efferent peripheral nerve reaches 
the terminals of its fibre, it produces a characteristic response m the effector 
tissue, e g contraction of skeletal muscle, increased or decreased activity of 
smooth or cardiac muscle, secretion of glands or discharge of autonomic 
ganglion cells The question arises what is happening at the “junctional 
tissue 'l between the nerve terminals and the effector tissue, e g at the motor 
end plate, the synapses m autonomic ganglia or the autonomic postganglionic 
endings in smooth muscle and glands 

* Reaction of Degeneration — The motor point is stimulated with (i) a galvanic current 
of fairly long duration, (u) an interrupted faradic current of much shorter duration 
Normally innervated muscle responds to either form of stimulation When the motor 
nerve fibres have completely degenerated, the denervated (but intact) muscle fibres owing 
to their longer chronaxie do not respond to the faradic stimulus (as the duration of the 
current flow is too short) , but the longer current flow of the galvanic stimulus is still 
effective if it is of sufficient strength The loss of response to faradic stimulation with 
persistence of response to galvanic stimulation is called the reaction of degeneration 
When tbe muscle fibres degenerate too, all electrical responses are abolished 
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Two mam views have been put forward 

(1) The transmission process at nerve ends (like that responsible for 
conduction in the nerve fibre) is essentially electrical When the spike 
potential reaches the nerve ends it directly sets up a locahzed catelectrotonus , 
when the latter reaches a critical magmtude it depolarizes the surface mem- 
brane of the adjacent tissue and thus stimulates it 

Such a catelectrotonus has been demonstrated at the motor end plate 
(end plate potential) and at the synapses m autonomic gangha ( synaptic 
potential ) A state of catelectrotonus may be associated with excitatory 
transmission at synapses m the central nervous system The nature of the 
electrical change at autonomic postganglionic terminals is obscure 

(2) The alternative view is that a chemical intermediary or chemical 
transmitter mtervenes between the spike potential (nerve impulse) and the 
processes which stimulate the effector tissue Chemical transmitters have 
been demonstrated (l) at the terminals of all postganghomc fibres (sym- 
pathetic and parasympathetic) , (n) probably at the ter min als of the vaso- 
dilator fibres m the dorsal nerve roots , (m) intervening between the spike 
potential and the end plate potential at motor end plates , (iv) probably 
intervening between the spike potential and the synaptic potential m auto- 
nomic gangha (v) It has been argued that if chemical transmission occurs 
at the synapses m autonomic gangha similar processes may be mvolved in 
transmission at the synapses in the central nervous system (p 528) 

Nature of Transmitters — Two chemical transmitters have been 
identified (l) acetylchohne , (n) a substance which resembles adrenaline 
closely both chemically and in its pharmacological properties , the cautious 
call this transmitter “ sympathin ” or “ adrenahne-hke ” There is evidence 
that it may be a mixture of adrenaline and nor-adrenalme (adrenaline minus 
its terminal methyl group) m varying proportions (p 722) In this account, 
this transmitter will for simplicity be called adrenaline 

Cholinergic and Adrenergic Fibres — Fibres which release acetyl- 
chohne at their terminals are called cholinergic (i e acting through the 
mediation of acetylchohne) , fibres which release adrenaline at their ter min als 
are called adrenergic 1 * In the peripheral nervous system, the only known 
adrenergic fibres are the postganghomc fibres of the sympathetic nervous 
system The cholinergic fibres are of much wider distribution they include 
the postganghomc fibres of the parasympathetic system , all the pre- 
ganglionic fibres of the sympathetic and parasympathetic systems, i e those 
ending in autonomic gangha , the motor fibres to skeletal muscle , probably 
the antidromic vasodilator fibres m the dorsal nerve roots supplying skeletal 
muscle In addition there are some postganghomc fibres which though they 
belong to the anatomical sympathetic system, are chohnergic, e g the sym- 
pathetic supply to the sweat glands 

Formation, Release and Destruction of Transmitters 2 — Acetyl- 
choline — All chohnergic nerves contain the enzymes necessary for the syn- 
thesis of acetylchohne 3 , acetylchohne can be extracted from these nerves 

1 Histammergic fibres have also been recognized which release histamine at their 
terminals They are found in the cutaneous branches of the dorsal nerve roots (p 309)‘ 

1 Bum, Physiol Rev , 1950, 30, 177 (Discussion of local action of acetylchohne 
adrenaline and histamine ) 

3 The enzyme is called choline acetylase 
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It is thought that acetylcholine is synthesized 'within each cholinergic 
neurone, probably mainly in the cell body , it is certainly diffused throughout 
the length of the axon The arrival of the impulse at the peripheral nerve 
terminal alters the local permeability and so enables a small amount of 
acetylcholine to leak out, i e to be released from the fibre, and come into 
contact with the effector tissue A t ch olmergic_nerve_terminals_a_,specific 
enzym e, cholinesterase, 1 is found m high concentration , it hydrolyzes acetyl- 
choline to choline, which is comparatively inactive, and acetic acid In this 
way the concentration of acetylcholine is rapidly reduced below threshold 
level thus preventing contmued excitation The chemical constitution of 
acetylchohne and related substances is shown below (cf p 867) 
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Anticholinesterases 2 — Three quite distinct classes of chemical sub- 
stance have a powerful inhibitory effect on cholinesterase 

( 1 ) Compounds containing a urethane side cham, like_eserine_and_p rosta g- 
mme The urethane can be represented as -0-0C-N(E. 1 , R, 2 ) (where JBj, 
or R 2 or both, are alkyl or phenyl groups, attached to a mtrogen groupmg) , 
the rest of the molecular configuration may vary considerably In Formula 
A, (prostigmme) the urethane groupmg has been underlined If the urethane 


^ 0 CO N(CH a ), 

N(CH,), S0 4 CH, 
Prostigmme 

A 



N(CH,) 3 S0 4 CH s 

m kydroxypkenyl tnmethyl 
ammonium methyl sulphate 

B 


grouping is replaced by an OH groupmg (underlined) as in Formula B, the 
antichohnesterase activity disappears 

These antichohnesterases act by the method of substrate competition The 
hydrolysis of acetylchohne by cholinesterase depends on a preliminary union 
of the two substances , the antichohnesterases also umte with cholinesterase 
and to that extent prevent the latter from uniting with, and actmg on, acetyl- 
chohne 

* Whittaker, Phystol Rev , 1951, 31, 312 
: Koelle and Gilman, Pharmacol Rev , 1949, 1, ] 66 
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This group of anticholinesterases can be further subdivided into tertiary 
and quaternary compounds Expressed most simply, the tertiary compounds 
are hydrochlorides or sulphates , the quaternary compounds are methiodides 
or methyl sulphates The former are salts of tertiary ammoni um bases , 
the latter have their basic mtrogen atom m the form of quaternary ammon- 
ium groups Esenne sulphate is a typical tertiary compound , prostigmme 
(which is a methyl sulphate) is a typical quaternary compound 

The graphic formulae set out below for two anticholinesterases, dimethyl 
carbamic hordenme HC1 (tertiary) and dimethyl carbamic hordemne methyl 
iodide (quaternary), show these differences well 


Typical Tertiary Compound 
Dimethyl carbamic ester of 
hordemne hydrochloride 
0 00 N(CH,), 


Typical Quaternary Compound 
Dimethyl carbamic ester of 
hordemne methyl iodide 
0 00 N(CH,), 



CH a CH, N (CH 3 ), HC1 



CHj CH S N (CH S ) S I 


(n) Di-isopropylfluorophosphonates (DEP) and related substances 
(m) Simple polyphosphates tetra-ethyl pyrophosphate and hexa-ethyl 
tetraphosphate (Fig 311A, B) 

Adrenaline — Extracts of adrenergic fibres contain adrenaline (and 
nor-adrenahne) The adrenergic neurones (like the adrenal gland cells) pre- 
sumably synthesize adrenahne which is released at the postganghomc nerve 
terminals It is thought that an enzyme called amme_oxidase , rapidly destroys 
adrenahne and so prevents its undue persistence at the endings It is claimed 
that the drug ephednne inhibits the action of amme oxidase and thus prevents 
the adrenahne from being destroyed 

The pharmacological actions of acetylcholine are described on p 718, 
and those of adrenaline on p 724 


NEUROMUSCULAR TRANSMISSION 1 

The motor fibre nerve, on reaching the muscle fibre, loses its medullary 
sheath , the naked axis cylinder ramifies in a patch of granular nucleated 
muscle cytoplasm called the muscle sole (Eig 306) The neuromuscular 
junctional region, is the motor end plate The nerve filaments and the muscle 
tissue make extensive contact with one another but there is no continuity of 
tissue , the speciahzed axon membrane separates the two tissues When the 
nerve impulse (signalled by the spike) reaches the end plate it releases a 

1 Dale, Feldberg and Vogt, J Physiol, 1936, 86, 353, Brown, ibid, 1937, 89, 220 
Eooles et al , J N europhysiol , 1941, 4, 362, 402 , 1949, 12, 59 Kufiler, ibid , 1942, 5, 18, 
309 , 1943, 6, 99 Nachmansohn, m The Hormones (ed Pincus and Thimann) N Y , 1950, 2 
Hunt and Knffler, Pharmatol Rev , 1950, 2, 96 Feldberg, Brit med J , 1951, i, 967 
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minute dose of a chemical transmitter, namely acetylcholine, which either 
directly, or, more probably, indirectly through some furtb er_mtermediary 
“ depolariz es ” the. end .plate producing a TocafczetZ non-propagated, electroionic 
< potential known as the end plate potential When 'the end plate potential 



Fig 306 — Motor End Plate (Kuffler, J 
Neurophysiol , 1942, 5, 197 ) 

Photograph of living single nerve fibres (N) ending 
In a motor end plate (BP) on a single skeletal 
muscle fibre (frog) Upper figure Is at Bmallcr 
magnification than lower figure 


attains a certain critical magnitude, it “ depolarizes ” the surface membrane 
of the muscle fibre setting up a propagated muscle action potential The 
sequence of events is shown m the Table below 

Muscle. Fibre Stimulated through its 
Motor Nerve 

Nerve Pibre impulse (spike potential) 

4 * 

Impulse reaches end plate 

4 * 

Release of acetylcholine 

4- 

(1) Other consequential changes 

Y 

Local end plate potential 

4' i 

Propagated muscle spike potentml-^Compkcated, 
ill understood changes 

™l h % appea i rance , 0f the mus sl e s P lke potential just precedes the develop- 
ment of mechanical tension (Fig 300) The causal relationship, if anv 
between these two events is not understood Current views on the way m 
which muscular tension develops are discussed on p 427 but tbev take no 
nooom.t of the : muscle spite potent, ol except m bo fir ns ,t normalk heilds 
the onset of physico-chemical changes m the muscle £bre Certain types of 


Development of 
muscle tension 
(contraction) 

t 
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contraction are known which are noi accom panie d b y an action potential , 
they are referred to as contractures 

End Plate Potent«al The most instructive preparation for the study 

of the end plate potential is one consistmg of a single motor nerve fibre and a 

single muscle fibre (Fig 306) , the proximal 
recording electrode is placed on the end 
plate and the distal electrode on a point 
further away on the muscle fibre 

(1) The preparation is treated with curare 
in a concentration wh ich abolish es the 
propagated muscle pot enti al, but not~tEe 
end .plate, pot entia l Under these conditions 
(Fig 307, e) stimulation of the motor nerve 
fibre produces a slowly rising and more 
slowly declining negativity at the end 
plate , the deflection is monophasic, in- 
dicating that the disturbance is localized 
and not propagated , it is the end plate 
potential (in a reduced form) which has 
not been followed by a propagated muscle 
fibre potential The potential is maximal 
at the end plate and rapidly diminishes m 
magnitude (decrements) with passage of 
time and with distance from the end plate 
(it disappears a few mm away) 

With progressively weaker concentrations 
of curare, the response is modified as 
follows 

(1) A sharp spike arises from the plateau 
of the end plate potential , this represents 
the initial deflection of a propagated 
muscle potential as proved by the fact 
that it is followed by a final downward 
deflection The initial spike and the final 
deflection together constitute the diphasic 
muscle fibre action potential (Fig 307, d) 

(n) With still less curare the end plate 
potential rises more rapidly to a greater 
height and is followed after a progressively 
shorter interval by the typical propagated 
muscle potential (Fig 307, c, h) 

(2) The response of an untreated single 
end plate can now be studied In Fig 
308 the proximal electrode was apphed 
at varying distances from the end plate , 

the distance in a was very small, 80 g m 6 and 230 g in c The initial up- 
ward deflection m each case is the end plate potential , because of typical 
decrement with distance it is smaller and more slowly rising m c and o 
th°nma The end plate potential is followed in each mstance by a propagated 
(diphasic) spike potential In Fig 308, e, the proximal electrode was apphed 



Fio 307 — Effect of Progres- 
sive Curarization on End 
Plate Potential (Knffler, 
J Neurophysiol , 1942, 5, 
23 ) 

Experiment on single nerve muscle 
fibre preparation (as in Pig 
306) Proximal electrode on end 
plate , distal electrode on 
muscle fibre 

At signal (short vertical line) stim- 
ulate motor nerve fibre 

e End plate deeply curarized End 
plate potential only No prop- 
agated potential 

d, c, b Progressively milder curar- 
ization 

a No curare (cf Pig 308, a, e) 
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exactly on the end plate , this enables the true course of the normal end plate 
potential to be followed It is seen that the end plate potential rises rapidly 
to the full height of the spike of the propagated muscle action potential which 
it generates and then merges with it , the fact that a propagated spike has 
been produced is proved by the succeeding descending deflection 

(3) Summation OB' End Plate Potential —Under deep curanzation (as 
already mentioned) the end plate potential is reduced and is not followed by 
a propagated potential If a second 
impulse arrives at the end plate before 
the previous end plate potential has 
died away, a second potential is super- 
imposed on the first (Fig 309) The 
second potential is always bigger than 
the first when measured from its point 
of origin, i e the presence of the first 
end plate potential facilitates the de- 
velopment of a subsequent potential If 
the two or more nerve stimuh are 
suitably spaced, the end plate potential 
is progressively builtup,^ e ltundergoes 
summation, till it becomes big enough 
to produce a propagated disturbance, 
and the muscle responds The properties 
of the curanzed end plate, especially 
the phenomena of facilitation and sum- 
mation which it displays, are of great 
interest because they resemble in several 
respects the properties of synapses m 
gangha and m the central nervous 
system (cf p 524 , p 533) 

The role of acetylcholine in the 
production of the end plate potential 
is described below 

Acetylcholine as Chemical 
Transmitter at the Motor End 
Plate — The principal experimental 
evidence is as follows 

(1) Release of Acetylcholine in 
Indirectly Stimulated Muscle — 

The cat’s tongue or hind limb is per- 
fused with fluid containing eserme (to 
inhibit the action of cholinesterase and 
thus prevent the destruction of any 
acetj lcholme that may be released (cf p 509)) Stimulation of the hypo- 
glossal nerve or the motor nerves to the leg, leads to the appearance of 
acetj lcholme which can be demonstrated m the outflow fluid by appropriate 
tests (p 719) LL r 

(2) Acetylcholine rropucEs Propagated Muscle Action Potentials 
\\ d Muscu l \r Contraction —It is necessary to demonstrate that the released 
aeon lclioune is causally related to muscular excitation and contraction 

x 7 



The preparation was not curanzed 
Position of ■proximal electrode is as follows 
a slightly away from end plate (of Fig 307, a) 

6 80 p distance from end plate 

c 230 it distance from end plate 
e exactly at end plate 

The distal electrode was placed farther away 
on the muscle fibre 
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( 1 ) If acetylcholine m minute doses is injected mto the blood vessels 
supplying a muscle (so-called close arterial injection) to obtain rapid access 
to the muscle fibres, it ehcits a brief contraction of normal mammahan muscle 
m situ and with intact circulation As small a_ dose of ac e tylchoh ne_as JLag 
(=0 005 mg ) ma y set up a c ontractiorTof higher tension than . that res ulting 
from, maxi mal stimulation of the motoYnerveT wi th a single. electricaLshock 
The muscular response~to‘ injected acetylcholine is not a simple twitch 
accompamed by a single spike potential , it is a brief tetanus, the contraction 
bemg accompamed by asynchronous repetitive action potentials arising m 
many motor units which have been stimulated to short bursts of activity, 
but which are out of phase with one another 

(n) When a minute dose of acetylcholine is apphed directly to the end 



Fig 309 — Summation of End Plato 
Potentials m Curarized Nerve-Muscle 
Preparation (Eccles, Katz, and 
Kuffler, J N turophysiol , 1941, 4, 

377 ) 

Small downstroke application of stimulus (Sj 
or S2) to the motor nerve 
Note the summation of end plate potential 

plate region, it sets up a small end plate potential which rises and declines 
slowly but remains localized , higher concentrations set up a bigger and 
more rapidly nsmg end plate potential which on attaining threshold value 
sets up a propagated muscle potential (Fig 310) Still hig her concentrations 
produce repetitive respo nses from themuscle, the frequency of which goes up 
wathTincreasihg concentratJonsof acetylcholine Acetylcholine, apphed else- 
where alone the course of the musclejibre, produces n o pot ential changes^ 

' Themuscle action potentials set up by injected or appkecTacetylcholine 
are identical m character with those occurring in the muscle on stimulation 
of the motor nerve 

(3) Role of Cholinesterase — This enzyme, which rapidly,. destroys 
acet ylcholin e^ is found m high concentration m the motor end plate region 
(but In much smaller amounts elsewhere along the course of the muscle 
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fibre) Its presence at this site ^—'iom'sec ‘"“’-““""I 

ensures that the acetylcholine normally 
released in response to each nerve 
impulse only gives rise to a single 
response of the muscle fibres and does 
not persist long enough or in sufficient 
concentration to produce the repetitive 
(subtetamc) responses seen when 
acetylcholine is injected intra- 
arterially 

(4) Effects of Anticholine- 
sterases — Anticholinesterases inhibit 
the action of cholinesterase and thus 
preserve acetylcholine which has been 
released naturally or has been injected 
into the circulation (cf p 509) 

Following the injection of one of these 
drugs, the response of skeletal muscle 
to maximal single shocks apphed to the 
motor nerve is considerably enhanced 
(or potentiated ) and prolonged (Fig 
31 1 a) Electrical investigation shows 
that under these conditions each nerve 
volley reaching the muscle fibres pro- 
duces not a simple twitch, but a repetitive 
response, tea short tetanus which of 
course produces a greater tension than 
the twitch, thus Fig 311b shows 
sustained electrical activity following 
a smgle nerve stimulus The anti- 
cholinesterase preserves the acetylcholine naturally released at the motor 
end plate for long enough above threshold concentration to enable it to 
produce repetitive responses analogous to those illustrated by Fig 310 


310 — Effects of applying Acetyl- 
choline directly to Motor End Plate 
of Single Nerve Fibre-Muscle Fibre 
Preparation (Kuffler, J Neuro 
physiol , 1943, 6, 102 ) 

Proximal electrodo is at point of application of 
solution 

A (a) Acetylcholine in concentration of 10 6 
applied to end plate sets up four propagated 
(diphasic) muscle potentials 
(6) Weaker acetylcholine concentration pro 
duces small localized negative (monophasic) 
end plate potentials only 

B (c) Acetylcholine in concentration of 10-« 
produces localized (monophasic) end plate 
potential only 

Application of saline no effect 
Acetylcholine in stronger concentration than 
10 6 produces a single (diphasic) propagated 
muscle fibre potential followed by a localized 
(monophasic) end plate potential 



311a Effect of Anticholinesterase on Mechanical and Electrical Response 
of Nerve-Muscle Preparation (Chennells, Floyd and Wright, J Physiol , 
1949, 108, 375) (cf Fig 311b) 

A C nrmn^ a J° 3e ^Metric myogram of quadriceps muscle in response to maximal stimulation 
oi motor nerve at rate of one in 2 sec 
A Control 

B > C 1 « anticholinesterase (tetraethyl pyrophosphate) The muscle response 

S w°i ent a /. e i d ^ and P°f e P r ? ioa 8 ed (it is now a short tetanus not a twitch ) 

a Record on Blow drum (time scale, in minutes) 
s Record on fast drum (time scale, in seconds) 
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(5) Response op Denervated Muscle — When the motor nerve ib cut 
and time allowed for it to degenerate completely, direct stimulation of the 
muscle elicits a response which is not accompanied by a release of acetyl- 
choline proving that the transmitter is released only at the nerve endings m 
the motor end plate Such denervated muscle is, however, much more 



Fig 311b — Action Potentials of Quad- 
nceps Muscle (one of the Recording 
Electrodes is on the Belly of the 
Muscle, the other is on the Tendon, 
i e Belly-Tendon Leads) in Response 
to Motor Nerve Stimulation at 
Rate of one m 10 sec 

Records m each column to he read from left to 
right and from above downwards 

Column 12 50, 3 51 Control A simple diphasic 
variation develops in response to each 
stimulus 

Anticholinesterase (hexaethyl tetraphosphate) 
then injected Note at 4 13 and 6 53 that a 
single stimulus applied to the nerve produces 
a diphasic variation which is followed by 
repetitive after activity 

At 5 59 and 6 06 this after effect is very pro- 
longed (cf Fig 311A) 


sensitive to the effects of injected 
acetylcholine This is an example of 
the more general phenomenon that 
denervated structures are more 
susceptible to the action of their 
natural transmitters Thus the normal 
pupil does not dilate when adrenaline is 
introduced into the conjunctival sac , 
a good response is, however, obtained 
if the superior cervical ganglion is 
previously extirpated and the post- 
ganglionic fibres to the pupil are allowed 
to degenerate (cf pp 721, 729) 

» (6) Release op Acetylcholine 
— It has been suggested that the nerve 
impulse may release acetylcholine from 
a precursor at the end plate , but 
there is no evidence to support this 
view As explamed on p 508, cholin- 
ergic neurones can synthesize acetyl- 
choline, which is diffused throughout 
the length of the fibre When the 
impulse arrives at the nerve endmg, 
it increases the permeability of the 
nerve fibre membrane locally, thus 
enabling some acetylcholine to leak 
out from the nerve terminals mto 
the “ muscle sole ” 

• (7) Action of Curare — Ithas been 
known smce the experiments of Claude 
Bernard that curare progressively 
diminishes and finally abohshes the 
response of a muscle to indirect stimu- 
lation (i e to stimulation of the motor 
nerve) (Rig 312) At this stage, 
however, direct stimulation of the muscle 
still produces a muscular contraction 
As curare has no effect on the nerve 


fibre, Bernard rightly concluded that curare acted at the neuromuscular 
junction, tern the region of the motor end plate After administration of 
paralysing doses of curare, nerve stimulation still results in a normal release 
of acetylcholine , thus curare does not interfere with the release of the trans- 
mitter but prevents the released acetylchohne from producmg a contraction 
Similarly after curare, intra-artenally injected doses of acetylchohne which 
were previously effective, fail to cause a contraction (cf p 720) 
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Fxo 312 — Action of Curare on Kesponse of Nerve-Muscle Preparation Anti-Curare 
Action of Anticholinesterase (Chennells, Floyd and Wright, J Physiol , 1949, 
108, 384 ) 

Isometric myogram of quadriceps (cat) Femoral nerve maximally stimulated at rate of one in 2 sec 
At A, B Inject curare preparation , contraction height diminished 
At c’ Inject anticholinesterase , recovery of contraction height 

The experiments illustrated, by Fig 307 demonstrate that curare inter- 
feres with the formation of the end plate potential by the released acetyl- 
choline As the end plate potential 

formed is too small to set up a PROSTIGMIN 1 25 g 

propagated action potential no ^ j* 75 - I 

muscular contraction results t fv 

• (8 ) Anti-curare Drugs — ( 1 ) The ^ g 50 _ I N. 

“blocking” action of curare at the ^<0 / \ 

end plate region can be overcome by ^ j? J \ 

administering an anticholinesterase ^ 25 / \ « 

(Fig 312) The acetylcholine normally 

released is then preserved with ^ 1 1 1 

resulting repetitive stimulation of 

the end plate There is consequently ^ 

progressive summation of the initially 5 ^ 1 1 “ / \ 

sub-threshold end plate potential ^"5 / \ 

(as m Fig 309) till it attams a j* t* 1 0 - f 

sufficient magmtude to set up a pro- § £ I \ 

pagated muscle fibre potential and a 9 . I N. 

contraction ^ § .1 \ 

, (n) PotasBium salts (Fig 314) and I'" 8 _ 
adrenahne, ephedrme and related s 

substances (Fig 317) also exert an ^ , , , 

anti-curare action 0 12 3 

, (9) Action of Botulinus Toxin — hours after injection 

The toxin of the botulinus bacillus Ro 313— Effect of Anticholm 
paralyses the muscle by a peripheral esterase (Prostigmme) on Muscle 

action In some unknown way, the Power in Case of Myasthenia 

toxin prevents the release of acetyl- $l ra ,V B (Burgen, Weele, and 

n+ +i,„ j , , / J McAlpme, Lancet, 1948, 1 , 519 ) 

chohne at the end plate / At arrow inject 1 25 g of prostjgmme 

Myasthenia Gravis 1 — Myasthema Upper record maximal duration of contrac- 

j , J . tion of muscles of hand and forearm 

giaVlB IB a rare disease, characterized Lower record Maximal power of contraction 

by great muscular weakness and rapid of these muscles 

onset of fatigue, but without any recognizable changes in the nervous system or 
mthe muscles themselves The muscles first and most affected are the external 
ocular, the facial, and those concerned with mastication and swallowing 

1200 Vl6tS and S ° hwab ’ J Amer med Assoa ’ 1939 ’ 113 > 659 Walker, Lancet, 1934, 1 , 


0 12 3 

HOURS AFTER INJECTION 
Fig 313 — Effect of Anticholui 
esterase (Prostigmme) on Muscle 
Power in Case of Myasthenia 
Gravis (Burgen, Keele, and 
McAlpme, Lancet, 1948, 1 , 519 ) 
At arrow inject 1 25 g of prostjgmme 
Upper record maximal duration of contrac- 
tion of muscles of hand and forearm 
Lower record Maximal power of contraction 
of these muscles 
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The muscular disability is probably due to some disturbance of the 
normal mechamsm of transmission of the impulse at the end plate to the muscle 
fibres Among the factors that have been examined are ( 1 ) insufficient 
release of acetylcholine , (n) abnormally rapid destruction of acetylcholine 
due perhaps to excessive local cholinesterase activity , (m) presence of an 
abnormal curare-like substance hampering access to the muscle fibres of 
normally released acetylchohne The evidence indicates that (ru) may be a 
causal factor 1 In patients a substance is present m the blood leaving the 
muscles (especially active muscles) which depresses the response of an 
isolated nerve-muscle preparation to motor nerve stimulation The following 
experiment shows that similar depression occurs in the patient the arm 
muscles are exercised for about 4 min utes with their circulation completely 
occluded (by means of cuffs on the upper arms inflated to 200 mm Hg) 
When the occlusion is released, muscles elsewhere m the patient show mcreased 



Fig 314 — Anti curare Action of Potassium Salts (Wilson and 
Wright, Quart J exp Physiol , 1936, 26 ) 

Isometric records of response of gastrocnemius (cat) to motor nervo stimulation 
(at intervals of 10 seconds) and blood pressure 

A Normal muscle response At arrow inject 30 mg of KC1 (as 3% solution) 
mtra arterially A slight contracture develops 

B Between A and B inject curare to reduce the response to nervo stimulation 
substantially At each arrow inject again 80 mg of KC1 (3% solution) 
Note in each case the Immediate increase in the muscle response, which 
subsequently declines 


weakness after a latent period of 10 seconds to 4 minutes , thus the upper hds 
show increased drooping (ptosis) and the facial muscles become feebler It is 
noteworthy too that the distribution and character of the weakness m 
myasthenia gravis closely resemble those seen after injection of small doses of 
curare m man 

Administration of a suitable antichohnesterase, e g prostigmme or 
tetraethyl pyrophosphate (which protects acetylchohne from destruction) 
produces very striking clinical improvement when so treated, patients with 
marked facial weakness and unable to swallow or get out of bed, rapidly 
develop a striking mcrease m muscular power (Fig 313) They are able to eat 
a hearty meal, walk or run around the room, and perform fight manual work 
The beneficial effects last for a number of hours, depending on the drug and 
the size of the dose used The anticholinesterase chosen should be one with 

1 Walker, Proc roy Soc Med , 1938, 31, 722 Wilson and Stoner, Quart J Med , 
1944, 13, 1 
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a selective action on end plates , its peripheral action at parasympathetic 
ends (which would give rise to undesirable side actions such as slowing or tne 
heart, fall of blood pressure, violent and painful intestinal contractions) is 
kept m check by means of atropine 

Certain other drugs with an anti-curare action have proved benehcial m 
myasthenia gravis though they do not antagonize cholinesterase Among 
the more important are potassium salts {infra), adrenaline (p 522), and 
ephednne (p 511) The beneficial action m myasthenia of so many diverse 
substances with only their anti-curare action m common supports the sug- 
gestion already made that in myasthenia some metabolic disorder may lead 
to the liberation of a curanzmg agent 

Role of Thymus —In many case of myasthenia gravis the thymus gland 
is enlarged Surgical removal of the gland has been carried out in some 
patients, often with considerable 
benefit in respect of muscular 
strength a few patients have re- 
covered completely, but the majority 
required continued prostigmine 
therapy, though smaller doses of 
the drug were needed It has been 
suggested (without adequate evidence) 
that the thymus may play an 
important part m the production of 
myasthenia gravis by liberating a 
curare-hke substance 

Role of Potassium m Neuro- 
muscular Transmission and 
Muscular Contraction 1 — (1) Intra- 
arterial injection of potassium salts 
{eg 100 mg in the form of a 1% 
solution of KC1) produces a powerful 
muscular contraction accompanied 
by normally propagated, repetitive 
action potentials, tea abort tetanus 
results The response is indistinguishable electrically from that produced 
by acetylcholine Pot assium ions act, selectively _on the_motpr_end plate 
I t ha s .been suggested, that _ acetylcholine,' n orm ally, released or injected, 
somehow liberates potassium ions which are directly responsible for the 
production^f the_end.plate.potential * " 

(2) Solutions of ionized potassium salts have an anti-euranzmg action 
Fig 314- shows that muscle responses to indirect stimulation which have been 
greatly reduced by the action of curare are rapidly restored to almost normal 
levels by repeated injection of KOI solutions 

(3) Familial Periodic Paralysis 2 — This rare disease is characterized by 
attacks of paralysis which come on at irregular intervals The fault lies 
peripherally during an attack, stimulation of the motor nerve trunks or of 
the skm over the muscle ehcits no response The muscle thus reacts neither 

* Wright, Quart J exp Physiol, 1936, 26, 127 Brown, J Physiol, 

1937, 91, 4P Fenn, Physiol Rev , 1940, 20, 377 y 

1 Gass ef al , Medicine, 1948, 27, 105 


Fig 316 — Blood Changes in Attack of 
Familial Periodic Paralysis (Aitken, 
Allott, Caatleden and Walker, Clm 
Sci , 1937, 3 ) 

Blood sugar (dotted line) and serum potassium (con- 
tinuous line) during an attack of paralysis in- 
duced by taking 225 g of glucose (first arrow) 
The black band along the abscissa indicates the 
appearance and development of symptoms , they 
coincide with the decline in serum K + , and are 
relieved by the administration of 12 g of KC1 
which raises the serum K + Time (on abscissa) 
m 10 minute intervals 
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to indirect nor direct stimulation The attacks can be artificially produced 
m subjects of the disease by administration of large amounts of glucose, 
which are known to lead to a marked fall of serum potassium (e g from the 
normal level of 16-20 mg-% to about 10-12 mg-%) Symptoms of paralysis 
develop when the serum K+ falls below 12 mg-% (Fig 315) The rise of blood 
sugar itself is not the causal agent, because attacks can also be produced by 
an injection of insulin which likewise lowers the serum K + , but of course also 
lowers the blood sugar The administration of KC1 (eg 12 g ) causes recovery, 
beginning in 10 minutes and becoming complete m about 7 hours, and is 
associated with restoration of the serum K + level 1 

The evidence as a whole suggests that K+ may have a dual role (i) it 
may be concerned with neuromuscular transmission , (n) the excitability 
and other properties of muscle may depend to some extent on the relative 
concentrations of K+ within and without the fibres 

Myotonia Congenita. 2 — In this rare congenital disease, when the 
patient starts to perform a voluntary movement, the muscles are thrown into a 



Fig 316 — Effect of Sympathetic Stimulation on Fatigued Skeletal Muscle of Frog 

A series of rapidly recurring twitches were produced by stimulating the motor roots till signs of 
fatigue appeared The sympathetic nerves were stimulated for the poriods indicated by the 
signal above After considerable latency the twitcheB increase in size, tho maximum effect 
occurring after cessation of sympathetic stimulation (After OiboW, Pavlov Jubilee Volume, 1924 ) 

state of spasm which gradually passes off , thus if he yawns the mouth remams 
open for some time As the movement is repeated the muscles become more 
supple If the muscle is stimulated electrically, contraction persists for a 
considerable time after stimulation is discontinued An interesting strain of 
goat has been discovered in the USA suffering from a condition indistinguish- 
able from human myotonia , as a result the condition can be examined 
experimentally The muscles are extremely sensitive to mechanical stimula- 
tion , tapping, for instance, produces a long lasting contraction which is 
due to a long lasting tetanus m groups of muscle fibres, accompanied by 
normal action potentials The response is obtained after cutting the motor 
nerve The response of the muscle to a smgle motor nerve stimulus is not a 
twitch but is repetitive, and the tension is correspondingly greater than in 
normal animals At the end of a bout of stimulation at a rate of 50 per 
second (to produce a tetanus), the muscle remams tetamcally contracted as 
it does after sudden exertion in this disease The abnormal sensitivity to 
mechanical stimulation is unaffected by curare or complete degeneration of 
the motor nerve ending , it is, however, progressively reduced by bouts of 

1 Aitken el al , Clin Sc i , 1937, 3, 47 Allott and McArdle, ibid , 1938, 3, 229 
* Brown and Harvey, J Physiol , 1939, 96, IIP Kolb, Johns Eopl Hasp Bull, 
1939, 63, 221 Denny Brown and Nevin, Brain, 1941, 64, 1 
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stimulation at low rates, eg 5 per second Sensitivity to intra-arterially 
injected acetylcholine is unchanged, but the duration of the response is 
increased Sensitivity to injected potassium salts is however far greater. 
Myotonia is probably not due to an abnormality of neuromuscular transmission 
but to changes in the excitability of the muscle fibres themselves 

Quinine has proved helpful clinically , and it similarly relieves the 

myotonic condition in the goat , 

Action of Sympathetic on Skeletal irfuscle — ( 1 ) Non-medullated sym- 
pathetic postganglionic fibres pass to the blood vessels of skeletal muscle 
(p 308) It has been claimed that these nerve fibres also end on the surface 
of the sarcolemma of the muscle fibres , these claims are probably incorrect 
(n) The sympathetic innervation is not responsible for the maintenance 



t 

Fig 317 — AuM-ourare Action of Adrenaline (Wilson and Wnght, 
Quart J exp Physiol , 1936, 26 ) 

Above lBometrlo contractions of gastrocnemius In response to motor nerve 
stimulation , below blood pressure The response of the musclo has been 
greatly reduced by previous Injection of curare, the effect of which was 
becoming progressively more Intense Inject (A) 60 mg KCi (cf Fig 314) , 
(B) 0 02 mg adrenaline note glow Initial rise of muscle tension in response 
to stimulation , at C cut both vagi in the neck Note that the three procedures 
produced roughly equivalent pressor effects , the pressor effect of vagal section 
was, however, not accompanied by any improvement in the muscle response, on 
the contrary, the responses decreased as the effect of the enrare reasserted itself 


of skeletal muscle tone which depends on a proprioceptive reflex arc involving 
the somatic nervous system alone (p 582) 

(in) Sympathetic stimulation antagonizes the onset of fatigue m skeletal 
mus cle , ltsmbde of 'action is unknown ' Orbeli recorded the contraction of 
frog’s muscle in response to tetanic stimulation of the motor nerve repeated 
at short intervals Fatigue gradually set in, as shown by diminution m tbe 
height of the contraction The sympathetic supply of the muscle was now 
stimulated (the motor stimulation was continued throughout the experiment) , 
after a considerable latent period the size of the contractions became greater, 
and this effect persisted for some time after sympathetic stimulation was 
discontinued (Fig 316) Stimulation of the sympathetic alone produces no 
recognizable effects on resting muscle 

(iv) There is evidence that adrenaline (which is the sympathetic trans- 
mitter (p 508)) produces similar effects , its injection may also increase 
the excitability and contractility of unfatigued muscle above normal limits 
Orbeh’s results (supra) may be due to the sympathetic fibres to the skeletal 

17* 
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blood, vessels liberating adrenaline, some of which diffuses out to affect the 
neighbouring muscle fibres 

A more striking effect of adrenaline m muscle is its anti-curare action 
which develops more slowly and is not so marked as that of K+ ions 
(Fig 317) , the response is not due to the accompanying changes m the 
circulation Adrenaline (and related substances like ephedrine) increase 
muscular power m myasthenia gravis (p 519) 


TRANSMISSION OF NERVOUS IMPULSE FROM NEURONE 
* TO NEURONE (SYNAPTIC TRANSMISSION) TRANSMISSION IN 

AUTONOMIC GANGLIA 1 


In the central nervous system and m autonomic ganglia, impulses pass 
from one neurone to another , conduction is always unidirectional, i e the 



impulse always passes from 
the terminals of the axon of 
neurone 1, to the dendrites 
and cell body (soma) of 
neurone 2 The “ junctional ” 
region between the terminals 
of neurone 1 and the surface 
membrane of neurone 2, is 
called the synapse 

The histology of the 
synapse has been most care- 
fully studied in the grey 
matter of the spinal cord 
The afferent nerve fibres 
which impmge on the surface 
membrane of (for example) a 
ventral horn cell, end m small 


Fig 318 — Structure of Synapse (Lorente de No, 
J Neurophysiol , 1938, 1, 195 ) 

The drawing shows afferent fibres ending on the surface 
membrane of a cell in the spinal cord 
Note (i) the swollen synaptic terminals , (n) the terminals 
of each afferent filament come m contact with a 
restricted part of the cell membrane 


varicosities called synaptic 
terminals ( boutons , pieds 
termmaux) There is intimate 
contact but no physical 
continuity at the synapse 
two membranes intervene 


between the two neurones, the membrane of the cell body and the 
membrane of the impinging nerve filaments One ventral horn cell receives 
synaptic terminals from many hundreds of afferent fibres , the cell is thus a 
convergence point Fig 318 shows that the synaptic terminals of any one 
afferent fibre make contact with a very restricted region of the surface mem- 
brane, and do not cover this area completely , the synaptic terminals of one 
afferent fill up the gaps on the membrane left by the terminals of another 
afferent Any continuous patch of the membrane of the cell body is covered 
by the terminals from several afferent fibres The same kind of arrange- 
ment probably exists m the synapses of the autonomic ganglia It should 


1 Feldberg and Gaddum, J Physiol, 1934, SI, 305 Brown, Physiol Rev , 1937, 17, 
485 Eocles, Erqeb Physiol , 1936, 38, 339 Bronk, J Neurophysiol , 1939, 2, 380 
Eooles, J Physiol , 1943, 101, 465 
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be noted tliat by contrast with synapses, tbe motor end plate contains only 
one incoming fibre and its terminals }J 

Transmission of tbe impulse from neurone to neurone ( neuro-neuronal 
transmission) depends on tbe processes occurmg at tbe synapse Botb tbe 
anatomical arrangements and tbe processes involved are simpler m auton- 
omic gangba tban in tbe central nervous system Synaptic transmission in 
autonomic gangba will therefore be considered first 

Transmission m Autonomic Ganglia Evidence for Cholinergic 
Transmission — ( 1 ) When an autonomic (usually sympathetic) gangbon is 
perfused with esenmzed saline (to preserve tbe acetylcholine), stimulation 
of tbe preganglionic fibres causes tbe release of acetylcholine, which can be • 



Fig 319 — Acetylcholine stimulates Autonomic Ganglion 
{ Effect of calcium and potassium ions on the response 

(Bronk, J Neurophysiol , 1939, 2, 293 ) 

Tha vertical lines in the tracings are action potentials (i e impulses) 
recorded from a single postganglionic fibre and thus representing 
tbe discharge of a single ganglion cell 
f he ganglion was perfused with Singer s solution containing 40 ug 
of acetylchotine/cc 

Middle record (normal) the solution causes the ganglion cells to dis- 
charge The Ca++ and K+ content of the perfusing fluid was 
modified m the upper and lower records 
left hand column High Ca++ decreases and low Ca ++ increases the 
discharge rate 

Right hand column high K+ increases and low K+ decreases tbe 
discharge rate 

Interrupted horizontal lines time m 0 5 sec 


demonstrated m tbe fluid coming away from tbe gangbon by tbe methods 
described on p. 720 

(n) Direct application of acetylcholine to gangbon cells causes them to 
discharge (Fig 319) , so does intravenous injection of acetylcholine as is best 
shown in tbe atropmized animal (p 719) Atropine does not “block” 
transmission in gangba, though it does “ block ” transmission at choknergic 
postgangkomc terminals Tbe frequency of tbe discharge of tbe ganghomc 
cells is increased on increasing tbe acetylcholine concentration employed 

(in) K+ tons also cause tbe gangbon cells to discharge (they also stimulate 
motor end plates (p 519)) A concentration of K+ ions m tbe perfusing fluid 
which in itself is insufficient to stimulate tbe gangbon, enhances its response 
both to pregangbomc stimulation and to appbed acetylcbobne Fis 319 
shows that with a constant concentration of acetylcbobne, tbe frequency of 
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discharge of the ganglion cell is increased by doubling the K + ion concentration, 
and is decreased by the absence of K+ ions from the perfusion fluid It 
has therefore been suggested that (as m muscle), acetylchohne releases 
K + ions which act directly on the ganghon cell membrane Ca + + tons 
have the reverse effect of K+ ions, % e they depress transmission in ganglia 
(Fig 319) S 

Synaptic Potentials in Ganglia — When an impulse in a preganglionic 
fibre reaches a ganghon cell, it sets up a locahzed synaptic potential closely 
resembhng in its properties the end plate potential in muscle When the 
synaptic potential attains a critical level, it alters the state of the cell mem- 
brane sufficiently to generate a propagated spike potential, t e a nervous 




Fig 320 — Synaptic Potential in Sympathetic Ganghon (Ecoles, J Physiol, 1943, 
101, 470, 472 ) 

Experiment on the stellate ganglion The stimulus Is applied to the preganglionic nerve 
Recording electrodes the proximal Is on the ganglion , the distal is on the postganglionic fibres 
The small vertical line represents the application of the stimulus In 1 and 2 the point of stimulation is 
also shown by a minute deflection, the “ stimulus artefact ’ 

X Ganglion deeply curarized Note the small slowly rising locahzed (monophasic) negative synaptic 
potential 

2 Lighter curarization The synaptic potential rises more abruptly and to a greater height 
3, 4 Lightly curanzed ganghon Two stimuli are applied Summation of synaptic potentials results 
from the two successive preganglionic volleys of impulses 
In 4 the second stimulus Is applied after a longer interval than in 3 
Time scale, 50 m see 


impulse, m the postganglionic fibre It is presumed that, as m muscle, the 
sequence of events is as follows nervous impulse m preganglionic fibre , 
release of acetylchohne at synaptic terminals , (possibly) release of K + ions , 
local (non-propagated) synaptic potential , spike potential starting m the 
membrane of the ganglion cell and travelling down the postganglionic fibre 
If a suitable concentration of curare is applied to a ganghon, a single volley 
of impulses, travelling along the preganglionic fibres, still releases acetylchohne 
which sets up a local synaptic potential only (Fig 320, 1, 2) , this potential 
is too small to stimulate the ganghon cells and so no discharge occurs along 
the postganglionic fibres Repetitive stimulation of the preganghomc fibres 
produces summation of the synaptic potential which thus progressively 
increases m magnitude (Fig 320, 3, 4) When it attains a critical size it 
stimulates the ganghon cells to discharge 
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The ganglion cell is the cell body of a nerve fibie of the C type , as m C 
fibres the spike potential of the ganglion cell is followed first by a negative 
and then by a positive after-potential (cf Pig 293, C) During the negative 
after-potential the cell is more excitable and during the positive after- 
potential it is less excitable, to stimulation 

Properties of Ganglionic Transmission — Spatial Summation — Any 



Nj ALONE — 

N 2 ALONE 

Nf + N 2 MllMllllllM 


Fig 321 — Diagram of Spatial Summation 

G=a ganglion cell , P=its postganglionic fibre 
Nt, N 2 =pregangliomc fibres ending on G 

Right-hand aide record of impulses in single postganghowc fibre 
Stimulation of Ni or Ni alone no response of gangbon cell 
Simultaneous stimulation of Ni plus N 2 ganglion cell discharges 


smgle pregangbomc fibre ends on several gangbon cells , it follows therefore 
that any smgle ganghon cell is a convergence point at which several pregang- 
lionic fibres end (Pig 321) It is probable that before a gangbon cell can 
discharge, a synaptic potential of adequate magnitude must develop m a 
sufficient area of the surface membrane Thus a stimulus applied to a pre- 
ganglionic fibre or N 2 (Fig 321) may produce a synaptic potential which 
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Fig 322 — Temporal Summation in Ganglion (Bronk, Amer J Physiol , 1938, 

122 , 8 ) 

Non perfused sjmpathetie ganglion repetitively stimulated through its preganglionic nerve The action 
potentials are recorded from the postganglionic nerve 

The height of the action potentials recorded is a measure of the number of postganglionic fibres 111 
action and, therefore, of the number of ganglionic cel,s discharging 
Lower record Time in 0 5 see 

Note how with repeated stimuli the action potentials recorded from the postganglionic nerves increase 
in magnitude indicating that a larger number of ganglion cells is discharging 

is too small or too restricted m area to cause the ganghon cell to discharge , 
such a level of excitation of the cell is called subliminal But if and are 
stimulated simultaneously their individual synaptic potentials are summated , 
the greater size and area of the resultmg synaptic potential excites the 
cell and a discharge occurs Such a process is called spatial summation 
because it mvolves activation of a larger area of tbe surface membrane 
(cf p 533) 

Temporal Summation It is known that tbe cbemical transmitter and 
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the synaptic potential, to which it gives rise, persist for some time In the 
curanzed ganglion it was shown that repetitive stimulation may build up the 
synaptic potential from subliminal to threshold level A s imila r process 
possibly occurs m non-curanzed ganglia (temporal summation) Fig 322 
shows that repetitive stimulation of a preganglionic nerve gradually pro- 
duces an increase in the amplitude of the postganghomc spike potential, 
indicating that more ganglion cells are being (progressively) stimulated, i e 
cells which were initially stimulated subhminally, finally respond to a 
succession of impulses when these have bmlt up the synaptic potential to 
threshold level (cf p 534) 

After-Discharge — Under some circumstances, on cessation of pre- 
ganglionic stimulation, the ganglion cells continue to discharge (Fig 323) 
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Fig 323 — After discharge of Ganglion Cells (Bronk, J 
Neurophysiol , 1939, 2, 387 ) 

Record of action potentials In postganglionic fibres, representing 
result of discharge of ganglion cells During tho period indicated, 
the preganglionic fibres were stimulated for 20 sec at 60 per Bee 

On cessation of stimulation the ganglion continued to discharge (at 
decreasing frequency) for 27 sec 

(Read record from left to right and from above downwards ) Timo 
In 0 5 sec 

This “ after-discharge” may be due either to the persistence of the transmitter 
which had been released during the period of stimulation or to continued 
release of the transmitter after stimulation had ended (cf p 539) 

So far both temporal summation and after-discharge m ganglia have been 
demonstrated only under unphysiological conditions 


REFLEX ACTION SYNAPTIC TRANSMISSION IN CENTRAL 

NERVOUS SYSTEM 1 

Reflex Action and the Reflex Arc — A reflex act. is usually defined 
as the response resulting from the passage of nervous impulses through a 
reflex arc This begs the question to some extent, because the reflex arc 
'"Itself must next be described A .reflex. arc. cons i sts of an appropriately 

arranged chain of neurones, with two — afferen t (re ceptor) and efferent (effector, 

i Sherrington, Integrative Action of Nervous System, new edn , Cambridge, 1947 
Creed, Denny-Brown, Eccles, Liddell, and Sherrington, Reflex Activity of Spinal Cord, 
Oxford, 1932 Selected Writings of Sir Chas Sherrington, ed Denny-Brown, London, 1939 
Lorente de No, J Neurophysiol , 1939, 2, 402 Lloyd, Physiol Rev , 1944, 24, 1 Eccles, 
J Neurophysiol , 1947, 10, 251 
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excitor)— as the minimum The afferent neurone leads from the receptor 
(sensory) organ (cutaneous, muscular, or special sense) via a dorsal nerve 
root or its cranial equivalent mto the central nervous system , the nutrient 
cell is m the dorsal root ganghon (or cranial equivalent) The efferent 
neurone supplying skeletal muscle has its cell body m the central nervous 
system (ventral horn cell or motor cramal nucleus), and the efferent fibre 
passes out in the ventral nerve root (or motor cramal nerve) to the muscle 
(effector organ) (In the case of viscera the efferent side of the arc has a 
more complex arrangement, cf p 704 ) In only a few spinal reflexes (one of 
these is the stretch reflex) is the minimal number of two neurones, involved, 
generally one, several, or many connecting or mternuncial neurones (mter- 
neurones) intervene between the afferent and efferent neurones The inter- 
neurones may be situated m the same segment of the spmal cord, or the 
afferent fibre may pass up or down in the spmal cord for varying distances 
before relaying , ultimately the interneurones estabhsh connections with 
the effector neurones (cf p 529) 

The effector neurones {motor neurones ), called clinically the lower motor 
neurones, e g ventral horn cells and fibres, constitute the final common path 
or sole available route to the skeletal muscles They are the sole path which 
all impulses, no matter whence they come, must travel, if they are to act on the 
muscle fibres to which they lead Afferent impulses originating at different 
distant pomts and passmg through paths widely separate in the bram, 
converge to the same motor mechanism — the final common path, and act 
harmoniously upon it 

The definition of reflex action given above is essentially anatomical and 
is too general in character because it could easily be made to include almost 
every form of neural activity , thus the most complex and dehberate volun- 
tary act is, on ultimate analysis, the response to impulses which have at some 
preceding time entered the central nervous system Certain other criteria 
are therefore often employed The response must be inborn and be present 
m all members of the species These add itional considerations exclude, the 
so-called conditioned reflexes (p 675) or habitB and other motor acts which are 
acquired after birth as the result of a process of conditioning, tr aining , or 
learning The moment of birth is an arbitrary limiting time, because the 
central nervous system is not anatomically completed m the higher a mma ls 
till later, e g some of the long tracts have not yet acquired medullary sheaths 
along then entire course A r eflex .response is said to occur “ without the 
necessary intervention of .consciousness,’^ and to be “ involuntary ” Un- 
fortunately, it is very difficult to define a voluntary 'act "(cf p”646) Certain 
acts which are generally thought of as voluntary, e g walking, may be carried 
out successfully with a minimum of attention and with the mind devoted to 
other matters Stress is also laid on the level in the nervous system through 
which the arc passes, ^ e the so-called “ centre ” for the reflex If the 
“ centre ” is m the spmal cord, brain stem, or basal gangha, the reflex nature 
of the response is not questioned, but if it is in the cerebral cortex doubts 
may arise 

%l§xes_are often described as machme-hke and inevitable responses to 
afferent-stimuli This description is true when only the general character of 
the reaction is considered, but when examined in detail the reflex response 
usually Bhows a considerable measure of variability and is modified by 
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environmental changes, and especially by the “ previous history ” of the reflex 
centre Complexity of response is not a criterion , for some reflexes are very 
elaborate and may involve the greater part of the body Generally speaking, 
reflex responses become more variable in pattern as the centre hes at higher 
levels in the central nervous system 

• Transmission in the Central Nervous System— Two fundamental 
differences exist between autonomic ganglia and the central nervous 
system 

(1) All preganglionic fibres of the autonomic system are excitatory to 
ganglion" cells , i e when preganglionic impulses reach the synaptic ter mina ls, 
stimulation of ganglion cells occurs Afferent fibres m the central nervous 
system on the other hand may be either excitatory or inhibitory An excitatory 
afferent, when stimulated, causes a discharge from central ventral horn cells 
and consequently, contraction of the corresponding muscle fibres , when an 
inhibitory afferent is stimulated it diminishes or arrests the discharge of 
certam ventral horn cells and the corresponding muscle fibres consequently 
relax Two types of central transmission therefore occur, excitatory trans- 
mission and inhibitory transmission (Fig 324) 



M N «= Motor Neurone 

Exclfc , Inhlb ^afferent excitatory and afferent Inhibitory 
fibre 


Although central transmission has been intensively studied the exact 
nature of the process is still obscure As central excitation and central 
inhibition can mutually annul or neutralize one another they may be due to 
processes which are opposite in sign 

(l) Central Excitation — Arguing from the analogy of the end plate potential 
and the ganglionic synaptic potential, it will be assumed here that central 
excitation is ultimately due to the development of a synaptic potential on the 
affected cell This potential is conceived as a locahzed negative electrotonus 
( catelectrotonus ) , when it involves a sufficient area of the surface membrane 
of the cell and attains an adequate magnitude it causes excitation (discharge) 
of the cell 

(n) Central Inhibition — Conversely central inhibition is here attributed 
ultimately to the development of a locahzed positive electro tonus ( anelectro - 
tonus) on the surface membrane of the cell The anelectrotonus annuls the 
catelectrotonus and so prevents excitation (discharge) of the cell 

Neither the occurrence, nor the identity of chemical transmitters in the 
central nervous system has been proved beyond doubt There is some 
evidence suggestmg that acetylcholine might act as a central synaptic trans- 
mitter , it is conceivable that acetylcholine might, in certam circumstances, 
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act as an excitatory transmitter (E) and in other circumstances, as an in- 
hibitory transmitter (I) (p 530) 1 

(2) Internuncial Neurones (Interneurones) — In autonomic ganglia, 
the preganghomc fibres end directly on the ganglion cells In the central 


S* 



Fig 325 — Role of Internuncial Neurones m Reflex Action 

Diagrammatic Bection of spinal cord D N R = dorsal (posterior) nerve root , Y N R = ventral (anterior 
nerve root , o, o', a', a ", A, A' = internuncial neurones 
The shortest reflex arc is via D N R , o, V N R X onger reflex arcs involving delay paths are shown via o', 
a ' , or o A, A', are reverberators ’ Note how an impulse passing from D N R to V N R along a 
may branch to excite A, which in turn re excites o similarly an impulse along a " may branch to excite 
A', which in turn re excites o " 

nervous system, as explained on p 527, one or a few or many internuncial 
neurones generally intervene between the primary afferent neurones and the 
motor neurones Afferent impulses entering the spmal cord, may thus flow 

1 Sherrington has pointed out that the existence of “ a surface of separation ” at the 
synapse makes possible a wide variety of local changes that might he involved m excitatory 
or inhibitory transmission “ Such a surface might restrain diffusion, bank up osmotic 
pressure, restrict the movement of ions, accumulate electric changes, support a double 
electric layer, alter m shape and surface tension with changes m difference of potential, 
alter in difference of potential with changes m surface tension or in shape, or intervene 
as a membrane between dilute solutions of electrolytes of different concentration or 
colloidal suspensions with different signs of charge ” ( Integrative Action of Nervous System, 
new edn , 1947) Sherrington thus envisages a much wider range of possible processes 
concerned with central transmission than has been considered in the text 
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through many channels before reaching the ventral horn cells The inter- 
neurones may play a considerable part m the processes of central summation 
and after-discharge Consider, for example, the arrangement of the mter- 
nuncials in the reflex arc illustrated in Fig 325 A smgle stimulus applied 
to an appropriate afferent nerve sets up a smgle afferent impulse which enters 
the spinal cord in the dorsal nerve root At the branching point of this 
root the impulse takes the shortest route to the mternuncial a and then to 
the ventral horn cell, using a three-neurone reflex arc The impulse will 

also travel along the ascending branch in the spinal 
cord and ultimately reach the ventral horn cell after 
having travelled along progressively longer reflex 
arcs via internuncials a', a ", and a"' The motor 
cell will thus be bombarded by four impulses 
reaching it m close succession although only a 
single afferent impulse was set up in the dorsal 
root Consider further the internuncials A and A' 
An impulse travelling along the mternuncial a will 
not only stimulate the ventral horn cell but also 
the cell of A , the impulse along the fibre of A 
excites the cell of a An excitatory cycle ib thus 
established by means of which a stimulates A, and 
A m its turn stimulates a Each time the cycle 
is completed the motor neurone is stimulated (cf 
circus movement m heart, p 291) In this way (as 
the nerve impulses travel without decrement) the 
motor neurone might be subjected to a nervous 
bombardment for an endless period of time unless 
some inhibitory agency supervened The neurone 
A, and the similarly arranged mternuncial A' may 
convemently be called reverber ators Reverberation 
or sustained activity so produced m the nerve 
centres leads to after-discharge of the motor neurones 
and offers opportunities for facilitation or central 
summation as explained on p 535 and p 539 It 
should be remembered that the conventional 2- or 
3-neurone reflex arc is rarely used m the body 
and that normally arcs of greater complexity are 
employed 

Pharmacology of Central Transmission 1 — (1) 
Action op Acetylcholine on Spinal Cord — The 
effect on the spmal cord varies with the exact experimental conditions, 
and may be excitatory or inhibitory In the decerebrate cat, mtr a- 
artenal injection of acetylcholine stimulates ventral horn cells and 
causes a discharge of nerve impulses and contraction of the corres- 
ponding muscle fibres (Fig 326) In the cat under chloralose anaesthesia, 
acetylcholine generally inhi bits reflex spmal acti vity , the knee-jerk, for 
example, is diminished or abohshed (Fig 327) This effect is not due to the 

1 Schweitzer and Wnght, J Physiol , 1937, 89, 165, 384 , 90, 310 , 1938, 92, 422 
Schweitzer, Stedman, and Wnght, J Physiol , 1939, 96, 302 Calms and Wnght, J 
Physiol , 1944, 103, 93 Calms, J Physiol , 1949, 108, 282 
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Fig 326 — Stimulating 
(excitor) action of 
Acetylcholine on 
Spmal Cord (Calma 
and Wright, J 
Physiol , 1944, 103, 
96) 

Decerebrate cat Tension 
of quadriceps of Inner- 
vated leg At signal in- 
ject 60 pg of acetylcholine 
into central end of sub- 
clavian artery so as to 
reach spinal cord Note 
rapid vigorous contraction 
of innervated quadriceps 
which Is due to acetyl- 
choline setting up a ner- 
vous discharge from the 
ventral bora cells of the 
spinal cord 
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associated fall of blood pressure or to changes in the muscles themselves 
but to a direct inhibitory action on the spinal cord The central action of 
acetylcholine is partially annulled by atropine 

(2) Action op Anticholinesterases op Urethane Type on Spinal 
Cord — The antichohnesterases modify reflexes as a result of a direct action 
on the nerve elements in the spinal cord The tertiary antichohnesterases (e g 
esenne sulphate) usually stimulate the 
spinal cord (Fig 328) enhance the 
reflexes, and may give rise (in larger 
doses) to generalized and powerful 
convulsions The quaternary anti- 
cholinesterases, e g prostigmme, however, 
under appropriate experimental con- 
ditions may have ]ust the reverse effect 
and depress reflexes by a direct action 
on the spmal cord Prostigmine, for 
example, injected mtrathecally in man 
abolishes muscle tone and reflexes 
and diminis hes the strength of voluntary 
movement by such a direct central 
action 

(m) Differences between Convulsant 
and Depressant Compounds — These 
differences in the central action of the 
two groups of antichohnesterases occur 
although the drugs have identical 
actions on other tissues Thus the anti- 



cholinesterases D C hordenine hydro- 
chloride (tertiary) and the correspondmg 
methiodide (quaternary) have similar 
actions (both quantitative and 
qualitative) on cholinesterase in vitro, 
on skeletal muscle, blood pressure, 
and other functions , but the former 
is a central convulsant and the latter 
a central depressant (Fig 329) A 
possible explanation of these differences 
in their action on the spinal cord is 
as follows The quaternary,, ammonium 
antichohn este rases and their derivatives 
are lipid-insoluble and so probably 
cann ot pene trate the lipid * envelopes of 
the nerve cells , their action is con- 


I'ih 327 — Action on Spinal Cord of 
Acetylcholine and Atropine 
Central Inhibitory Action of 
Acetylcholine is partially an- 
nulled by Atropine (Schweitzer 
and Wright, J Physiol, 1937, 
89, 183 ) 

Records from above downwards are knee 
jerk, blood pressure, base line, time 
in minutes At first signal PV on 
base line stimulate peripheral end of 
vagus , note usual sharp fall of blood 
pressure 

At first arrow Inject 0 2 mg of acetyl- 
choline , note inhibition of knee jerk 
At second arrow inject X mg of 
atropine 

At third and fourth arrows, again inject 
acetylcholine , there is no depression 
with 0 2 mg and a slight gradual 
depression of the knee jerk with 1 mg 


sequently probably limited to the external surface of these cells The tertiary 
ammonium compounds on the other hand give rise to free base which, being 
lipid-soluble, may perhaps dissolve m the lipid material of the cell surface 
and enter the interior of the cell It is s uggestedthat the anticholinesterase 
whi ch pe netrates into the cell acts as a convulsant^ wKIA'Vm e'mber of the - 
group winch is unable so 'to penetrate Is' a central depressant*" "The central 
action of both the 'convulsant and depressant anticholinesterases may thus 
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be due to an increase in the acetylcholine concentration at specific regions of 
the grey matter The difference between the two groups may depend on the 
site of their activity m relation to the surface membranes of the nerve cell 
These results suggest the possibility that acet ylch oline _could_ act both as a 
central excitatory and central inhibitory agent within, the spinal cord, and 
, that the level of activity of ventral horn cells may perhaps depend on the 
relative concentrations of acetylcholine within and without these .cells 

The other groups of anticholinesterases, i e dnsofluorophosphonate, and 
the simpler polyphosphates, are all central excitants (like eserine sulphate) 

It has been suggested (partly on the basis of the evidence quoted above) 
that acetylcholine may be concerned in central transmission , other trans- 
mitters may also be mvolved 1 It 
is particularly interesting to note 
that adrenergic fibres have been 
demonstrated m the central nervous 
system Their role is unknown 
General Features of Reflex 
Excitation — (1) Synaptic Delay — 
This is the time taken m transmitting 
the impulse through one synapse 
It has been measured thus (Fig 
330) a stimulating electrode is 
introduced into the grey matter of 
the 4th cramal nucleus which contains 
both mterneurones and motor 
neurones A recording electrode (E) 
is placed on the 4th cramal nerve 
to record the arrival of impulses 
set up m the motor neurones (M) 
If a weak stimulus is employed, it 
stimulates the mterneurones (I) only, 
and the impulse must first pass 
through one synapse to excite the 
motor neurones (M) , if a strong stimu- 
lus is employed, the motor neurones 
are also stimulated directly by the stimulating current and a motor impulse 
is discharged sooner The time interval between the two arrows (Direct M, 
M via I) is the time taken for the impulse to travel along a very short mter- 
neurone (I) and then through the synapse to impinge on the motor neurones 
(M) The delay recorded varies with the degree of excitability of the motor 
neurone and is 0 5-1 0 m sec As some of the recorded delay is due to con- 
duction along the slowly conducting very fine terminal fibres of the inter- 
neurone the true synaptic delay must be even more brief (eg 0 1-0 2 m sec ) 
(2) Keflex Delay — The total reflex time is the interval between the 
apphcation of the stimulus to the peripheral afferent nerve and the onset 
of contraction in the muscle Part of the delay is due to the time taken by 
the volley of impulses to travel in the peripheral nerves to and from the 
centre, and the latent period of the muscle This peripheral time can easily 
be measured , when deducted from the total reflex time it leaves the central 
1 For ontical discussion see Feldberg, Brit med Bull , 1950, 6, 312 
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Fig 328 — Stimulating (Excitor) Action 
of Esenne on Spina] Cord (Calma 
and Wright, J Physiol, 1944, 103, 
101 ) 

Decerebrate Cat Becord of Tension of Inner- 
vated Quadriceps 
Animal fully atroplnized 
At arrow, Inject Intravenously 2 mg of esenne 
The spinal ventral horn cells are stimulated and 
discharge to the quadriceps which contracts 
first tonlcally and then clomcaUy 
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reflex time or central delay , i e the time taken by the transmission processes 
in the central nervous system 

The length of the central delay is probably an index of the number of 
neurones employed in the reflex arc, i e the number of synapses that are 
successively traversed In Fig 331, A, a muscle afferent was stimulated to 
produce the stretch reflex (p 588) , in Fig 331, B, a cutaneous afferent was 
stimulated to produce the flexor reflex (p 692) The potentials were recorded 
in each case from the ventral nerve root , the total latency of the stretch 
reflex (from time of st im ulation to the appearance of the ventral root spike 
potential) was 2 5m sec while that 
of the flexor reflex was 5 5m sec 
although the peripheral delay was 
approximately the same in the two 
cases When the central delay in 
these experiments is calculated it 
can be concluded that the stretch 
reflex probably employs a 2-neurone 
arc involving transmission at one 
synapse only , the flexor reflex on 
the other hand employs a multi- 
neurone arc, involving, perhaps, 

4 or 5 successive synapses 

(3) Changes in the Nerve 
Cell as a Result of Activity — 

The nerve impulse is conducted 
over the cell m the same way as 
along the nerve fibre Activity m 
the cell is accompanied and signalled 
by a spike potential , there is no 
following phase of heightened '"ex- 
citability," throu ghout_.the recovery 
period -the _cell shows depressed 
excitability (cf positive after- 
potential in nerve (p 489)) 

(4) Central Summation —As 
in autonomic ganglia, summation 
might be (a) spatial, (b) temporal 
It is assumed m this discussion 
that the synaptic potential is 
directly responsible for exciting the cell , if it attains threshold value 
(in magnitude and extent of cell membrane involved), it “ fireB ” the cell 
(causes it to discharge) , if it is subliminal, it fails to fire the cell But a 
subliminal synaptic potential may summate with another subliminal synaptic 
potential which has been set up simultaneously in an adjacent part of the cell 
membrane, and thus reach threshold level , this process is spatial summation 
Further, as the synaptic potential endures for some time, (although it is a 
very brief period), a sequence of impulses might conceivably build up 
subliminal potentials, stepwise, to threshold value — this would be temporal 
summation , it is extremely doubtful whether true temporal summation 
over occurs m the central nervous system 


t V ' 
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Fig 329 — Contrasted Central action of Terti- 
ary and Quaternary Anticholinesterases on 
Activity of Spinal Cord (Schweitzer and 
Wright, J Physiol, 1938, 92, 431) 

Tertiary compound = dimethyl carbamlc ester of 
hordemne hydrochloride (D C Hord HCI ) 
Quaternary compound = dimethyl carbamie ester of 
hordenine methiodide (D C Hord Mel) 

Cat Chloralose Records from above downwards are 
KJ =knee jerk (right side), NM = contractions 
gastrocnemius (left side), stimulated through its 
motor nerve , time in 30 secs 
First arrow inject 80 mg of D C Hord Me I , the 
knee jerk is abolished from a depressant action on 
spinal cord Second arrow inject 40 mg of 
D C Hord HCI Progressive increase In muscle 
tone, return and later great increase in knee-jerk, 
development of violent convulsive movements 
These changes are due to stimulation of spinal 
cord 
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( 1 ) Spatial Summation This phenomenon is well demonstrated m Fig 332, 
m which the scratch reflex was studied The reflex is so named because 

it is ehcited naturally by 
scratching the skin on the 
back (dog), the rhythmic 
hind limb movement pro- 
duced tends to remove 
the irritant When either 
of the two skin points o 
or ft is stimulated alone, 
the afferent impulses set 
up fail to elicit a reflex 
discharge of the motor 
neurones, m relation to the 
reflex therefore, the skin 
stimulus employed is sub- 
liminal (though to the 
skm nerve endings the stim- 
ulus is adequate) When 
a and ft are stimulated 
simultaneously the motor 
neurones discharge and 
the hip flexor contracts 
rhythmically (scratch re- 
flex) 


Fio 330 — Synaptic Delay of Motor Neurones (Modified 
from Lorente de No, J Neurophysiol , 1939, 2, 402 ) 

left-hand diagrams 1= Interneurone H=motor neurone (4th 

cranial nucleus) It = recording electrode on motor nerve 

fibre (4th cranial nerve) 

Right-hand records Electrical responses recorded from electrodes 
applied to the motor nerve (4th cranial) S= moment of 

stimulation) 

Upper record Apply a weal stimulus to excite the xrtemeuronce 
only The Impulse which Is set up must therefore travel to M 
and pass through ono synapse to stimulate the motor neurones 
Note single response (M via I) 

Lower record A stronger stimulus 1 b applied which simultaneously 
excites both the Interneurones and motor neurones directly 
The motor neurones are thus excited first directly (Direct M), 
and subsequently indirectly by the Impulse set up at I (M via 
I) Note double response on the lower electrical record The 
time Interval between tho first arrow (Direct M) and the Becond 
arrow (M via I) Is tho synaptic delay 


on 

up 


It is supposed that the fibres from a and ft end (in part at any rate) 
a common group of motor neurones Impulses from a or ft alone set 
there a subliminal level of “ central 
disturbance ” or “ central excitatory state ” , 
or in terms of the hypothesis adopted here, 
they set up a synaptic potential which is too 
small in magnitude or extent to “ fixe ” the 
motor neurones When impulses from a 
and ft reach the motor neurones simul- 
taneously spatial summation occurs , the 
synaptic potentials may be supposed to be 
built up to threshold level and the motor 
neurones discharge 

(n) Temporal Summation (Fig 333) An 
afferent nerve is stimulated once at such a 
strength that although a volley of impulses is 
set up, no firing of motor neurones occurs , 
i e with respect to the reflex, the stimulus is 
subliminal Repetition of the stimulus (at 
the same strength) to the same nerve at 
suitable intervals {eg 3 per sec ) and for an 
adequate number of times {eg 6 times), 
owing to central summation, finally causes 
firing of motor neurones and muscular contraction (flexor reflex) results 

This experiment requires critical analysis It could be interpreted 



Fig 331 — Central Delay de 
pends on Number of Syn 
apses m Reflex Path 
(After Lloyd, J Neuro 
physiol , 1943, 6, 111 ) 

A Stretch Reflex total re 
delay =2 5 m sec 

B Flexor Reflex total reflex delay 
=5 5 m sec Potentials are 
recorded from ventral root 


reflex 
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simply in ter ms of temporal summation of tlie synaptic potential Let us 
assume tliat the reflex arc consists of two neurones only and, therefore, in- 
volves transmission at a single synapse (Fig 334, A) The first afferent volley 
sets up a subliminal synaptic potential which rises to a peak and declines 
(like the ganghomc potential, Fig 320) Before this potential has disappeared 
the next volley arrives setting up a second subliminal synaptic potential 
which summates with what is left of the first Successive volleys result m 


progressive building up of 
the synaptic potential until 
it finally attains threshold 
value and “fires” the motor 
neurones 

This interpretation is 
probably mcorrect for the 
following reasons 

(a) Direct experiment 
(p 532) suggests that the 
duration of the synaptic 
potential at motor neurones 
is less than 1 m sec , 
probably 0 1-0 2 m sec 
The interval between 
successive stimuli in the 
experiment illustrated by 
Fig 333 was 30 m sec 
simple summation of the 
synaptic potential could 
thus not have occurred 

(b) The flexor reflex in- 
volves several mternuncials 
(Fig 331) and its reflex 
arc resembles that shown 
in Fig 325, or m simplified 
form in Fig 334, B 

Suppose afferent L in 
Fig 334, B, is stimulated 
repetitively The first volley 
stimulates the mterneurones 
as well as the motor neurones 
When the second afferent 



Fig 332 — Reflex (Spatial) Summation in the 
Scratch Reflex (Sherrington, Integrative 
Action of Nervous System, Cambridge, new edn , 
1947 ) 

Records from above downwards 

FC Eeeord of contraction of flexor muscle of hip 

Time in 1/5 sec 

Sa, S/9 descent of signal line represents period of stimulation 
of point a or /3 on the shoulder skin (If either a or p is 
strongly stimulated it ehcits rhythmic flexion of the hip, 
i e the scratch reflex ) 

First signals on Sa, S/9 weal stimulation of skin points a or B 
applied separately ehcits no reflex response 
Second signals on Sa, S/9 same weak stimulation of skin 
points a and P applied simultaneously Spatial summation 
occurs and a powerful rhythmic scratch reflex results 


volley enters the cord it finds 

the motor neurones m a state of subliminal excitation because of impulses 
reaching them at about the same time from the activity of the mternuncials 
With each successive volley one may suppose that a larger mternuncial pool 
discharges, raising the excitatory state of the motor neurones nearer to threshold 
Firing” occurs when the excitatory state of the motor neurones has been 
raised m this way to such a level that the additional excitation (or synaptic 
potential) set up by an afferent volley arriving at this time brmgs the excitatory 
state up to threshold level In other words the summation that is taking place 
is really spatial , repetition of the stimuli raises the excitatory state of the 
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motor neurones not by simple summation in time (true temporal summation) 
but by building up an adequate level of “ background bombardment ” from 
the mternuncials The effects of an afferent stimulus are often determined 
largely by tbis background of mternuncial activity 

(5) Block or Resistance — A 
nervous impulse cannot pass 
backwards through a synapse, 
? e it can pass from the termina- 
tions of the axon to the dendrites 
of the adjacent neurone, but not 
m the reverse direction In this 
connection the peripheral fibres 
of the dorsal root ganglia and their 
sensory cramal homologues must 
be regarded as equivalent to 
dendrites, while the central fibre 
is the true axon The term law of 
forward, conduction is applied to 
this fixity of direction of impulse- 
conduction m the nervous system 

(6) Localization — To elicit 
any reflex the stimulus must be 
applied to a particular locality, e g 
to elicit the flexor reflex an afferent 
nerve m the ipsilateral hind limb 
must be stimulated (Fig 333) 

(7) Effects of Increasing 
Strength of Stimulation — ( l) 
As the strength of afferent stimu- 

lationis progressively increased the reflex response under examination shows the 
following changes the latent period becomes shorter, the rate of development 
of tension and the peak tension increase, after-discharge is prolonged (Fig 335) 



Fla 333 — “ Temporal ” Summation of 
Eeflexes (After Sherrington, Integrative 
Action of Nervous System ) 

Flexor Reflex (contraction of knee flexor muBcIes) 
Each vertical Uno S represents a subliminal 
stimulus applied to ipsilateral afferent nerve 
After six such stimuli the motor neurones fire and 
contraction of the muscle sets in Stimulation 
ended at S> Time (Ion er record) in 0 1 sec 



Fig 334 —Diagram of Mechanism of Temporal Summation 

A Stimulation of afferent nerve L or M involves one synapse only 
B Stimulation of afferent nerve L involves mterneurones 
M N , motor nerve 


(u) When the response of the ammal as a whole is being studied, it is 
found that stronger afferent stimulation produces a more widespread response 
{irradiation) Thus, weak stimulation of the sole of the foot ehcits only toe 
flexion , stronger stimulation may give rise to flexion of the whole hind limb, 
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t e a greater part of tlie flexor motor centre (t e the cells innervating all the 
flexor muscles) is activated Tins is due to a larger number of afferent 
fibres being stimulated, thus activating more motor neurones 

(8) Fatigue —Reflex responses show fatigue comparatively readily , 
tie latent period becomes longer and the rise of tension smaller and more 
gradual Reflex fatigue is due to some change developing m the centre thus, 
when the flexor reflex can no longer be elicited, the peripheral mechanism 
is still active, and stimulation of the motor nerve readily elicits muscular 
contraction If the blood supply of the centre is impaired, or if it is depressed 
by anoxia or anaesthetics, fatigue occurs sooner The intimate nature of 
central fatigue is however unknown 



(9) Rebound is a phenomenon peculiar to reflex action, and has not yet 
been accounted for On cessation of reflex inhibition of a muscle, its tension 
may rise considerably above its previous resting value (Fig 344) , this 
rebound contraction is independent of previous elongation of the muscle, 
for it may take place when the muscle is so toneless that lengthening does 
not occur during the period of inhibitory afferent stimulation Rebound 
is attributed to an “ overawing ” m the centres — a state of over-excitation 
following on a state of inhibition , but this “ explanation ” puts more 
questions than it answers 

(10) Recruitment and After-Discharge 1 — These features are well 
brought out when the crossed extensor reflex (e g contraction of the quadriceps 

1 Liddell and Sherrington, Proc roy Soc B , 1925, 97, 488 
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as a result of stimulation of an afferent nerve in the opposite limb) is contrasted 
with the motor tetanus of the same muscle 1 (Fig 336) 

(l) The motor nerve is stimulated for a few seconds at a frequency suffici- 
ently high to produce complete tetanus After a brief latency the tension 
developed by the muscle rises sharply to a maximum , when the s tim ulus is dis- 
continued, the tension diminishes rapidly as the muscle relaxes (Fig 336, B) 
(u) When the crossed extensor reflex is elicited there is a longer latency, 
which is characteristic of reflex activity , under continued afferent stimulation 
the tension m the quadriceps rises relatively gradually to its maximum When 
stimulation is stopped the tension is maintained for some time and then 
slowly declines (Fig 336, A) The explanation of these differences is as follows 
As the muscle fibres are under the same mechanical and nutritive con- 
ditions in both experiments and the same tension develops on both occasions, 
the same number of muscle fibres may be presumed to be contractmg m 



Fig 336 — Crossed Extensor Reflex compared with Motor Tetanus (Liddell and 
Sherrington, Proc roy Sod B , 1923 ) 

Quadriceps muscle A Crossed extensor reflex produced by contralateral afferent stimulation, frequency 
38 per sec , B Tetanus of muscle produced by peripheral motor nerve stimulation, frequency 38 per 
sec (isometric records) The vertical lines indicate the beginning and the end of stimulation 


both reactions The rapid rise of tension in the motor tetanus indicates that 
all the muscle fibres involved contractor"''* } the 

slower development 'of tension m the reflex < o . n< at first 

a few motor units are affected, then gradually more and more become 
involved, until the full quota is m action In other words, with continued 
excitation of an afferent nerve, an mcreasmg number of motor neurones is 
brought under excitation this is called excitatory ^recruitment Recruit- 
ment is due to “pseudo - temporal summation,” i~e with repetitive afferent 
stimulation there is a progressive increase m the “ background ” activity of 
the mternuncials This leads to an mcrease m the excitability of more and 
more motor neurones until spatial summation raises the local synaptic 
potential to threshold, causing firing (p 535) If afferent stimulation is 
continued for a long time, effective summation takes place at a steadily 
mcreasmg number of motor neurones Indefinite prolongation of the afferent 
stimulus does not produce unlimited recruitment , a stimulation plateau is 
1 These features are often less well shown by the flexor reflex 
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reached (Fig 336) There is thus a limit to the number of motor neurones 
that can be recruited 

On discontinuance of afferent stimulation the tension may remain un- 
altered for several seconds , this is called the after-discharge plateau As it 
is equal in height to the stimulation plateau, all the motor neurones which 
were ultimately excited during afferent stimulation must still be discharging 
When relaxation of the muscle sets in, it proceeds more gradually than m 
the motor tetanus In the latter all the muscle fibres go out of action together , 
in the case of the reflex it must be supposed that the motor neurones stop 
discharging successively and as this happens the corresponding muscle fibres 
relax Recruitment thus gives inertia, and after^discharge provides momentum 
to reflex movements, making these movements smoother m onset and 
termination 

Fig 337 shows the after-discharge in the flexor reflex elicited by a single 
afferent stimulus Action potentials (representing the results of motor neurone 
discharge) are present right to the end of muscular relaxation The motor 



Fig 337 — Reflex After-Diacharge (Sherrington and others. Reflex Activity 

of Spinal Cord, 1932 ) 

Mechanical (m) and electrical response (e) to tingle Bhock to afferent nerve producing reflex response (cf 
with Fig 302, A) A large number of action potentials are visible In the electrical record right up to the 
end of muscular activity These represent the after discharge of the spinal ventral horn cells 
Itclaxntion Is consequently more gtadual than In a motor nerve twitch Time (on base line) In 0 01 
second 


neurones thus continue to discharge long after afferent stimulation has 
ceased After-discharge is attributed to persistent stimulation of the motor 
neurones from the mternuncial background As has been repeatedly stated, 
besides taking the direct short route to the motor neurones, impulses may 
wander through long and tortuous mternuncial “ delay paths ” in the intricate 
maze of the central nervous system before ultimately reaching their final 
objective, the motor neurones (Fig 325) Impulses go on wandering m these 
paths for varying periods after afferent stimulation ceases, continue to 
bombard the motor neurones, and so maintain the after- discharge As 
already explained (p 530), there is no reason on anatomical grounds why such 
central reverberation should not continue for a long time 

It is easier reflexly to inhibit the after-discharge than the stimulation 
plateau This is well seen m Fig 338, where stimulation of an inhi bitory 
nflerent produces only trifling relaxation during the stimulation plateau but 
causes complete and rapid relaxation during the after-discharge This can be 
readily understood because the after-discharge is due solely to the im pu l ses 
along the longer delay paths (the “ stragglers ”), while the stimulation plateau 
is due to impulses arriving simultaneously by all available routes 
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It follows from what has been said that prolongation of afferent stimula- 
tion increases (within limits) the peak tension and the duration of the after- 
discharge 

(11) Occlusion — When two afferent excitatory nerves (a and b ) — each of 
which can evoke the flexor reflex — are simultaneously stimulated, it is some- 
times found that the tension developed by the flexor muscle under observation 
is less than the sum of the tension produced by each afferent stimulated 
separately , thus if a produces in the muscle a tension of value 9 (in arbitrary 
units), and b also a tension of 9, stimulation of a and b together may only yield 
a tension of 12 (instead of the expected 18) This phenomenon ib referred to as 
occlusion , it is due to the fact that some of the spmal motor neurones (m 
this case producing 6 units of tension m the muscle) are common to both a 
and b As these motor neurones are maximally excited when a or 6 is 
stimulated separately, they naturally give no greater response when a and b are 



Fiq 338 — Inhibitory Distinction between Stimulation Plateau and After discharge 
Plateau of Crossed Extensor Reflex (Liddell and Sherrington, Proc roy 
Soc B , 1925 ) 

VastocroreuB Between the vertical lines on the records, stimulation of afferent nerve to elicit crossed 
extensor reflex , I, delivery of single break shock to inhibitory afferent 
A, delivery of inhibition in stimulation plateau, B, delivery of inhibition in after discharge plateau, 
C, repetition of reflex B with no inhibitory shock delivered (isometric records) Note duration of 
after discharge 

stimulated together In brief, occlusion is due to, and is convincing evidence 
of, afferent fibres overlapping in their central distribution (Fig 339, A) 

(12) Subliminal Fbinge — Sometimes, however, the tension yielded by a 
and b combined is greater than the sum of the two reflex responses taken 
singly (Fig 339, B) This result indicates that each afferent while fully 
activating a certain number of motor neurones acts also on a further number 
subliminally, and that some of these subhmmally influenced motor neurones 
are common to a and b Concurrent subliminal excitations can thus sum to 
produce hmmal stimulation 1 This type of result is another illustration of 
spatial summation 

Sub limin al fringe is of great importance m reflex co-ordination It 
enables one level in the nervous system to reinforce the action of another 
Thus, sometimes, feeble stretch of an extensor muscle (p 588) produces a 
weak response , rotation of the head alone (p 591) may also produce little 
increase m the activity of the muscle But the combination of the two 
procedures may give rise to a considerable contraction of the muscle — again 
an example of summation of subliminal fringes 

1 Denny-Brown and Sherrington, J Physiol , 1928, 66, 175 
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(13) Motor Neurone Discharge Rate and Rate of Afferent Stimu- 
lation — There need not necessarily be any regular relationship between the 
rate of stimulation of an afferent nerve and the discharge rate of the motor 
neurone The latter will depend on the degree of summation and after- 
discharge that occurs A single afferent volley may produce a repetitive 
discharge from the motor neurones (because of after-discharge) , similarly, 
each volley in a tram of volleys may generate several motor impulses The 
discharge rate would then be considerably higher than the afferent stimula- 
tion rate On the other hand, discharge may not occur till a number of 
afferent volleys has reached the centre and effective summation has occurred , 
the discharge rate would then be a fraction of the afferent stimulation rate 



Occlusion Subliminal 

Fringe 


Fig 339 — Occlusion and Subliminal Fringe 

Th ° n!“£ ram Bhornj a group of motor neurones The clear cells are exclusively influenced by the afferent 
a o,i or * > bho dark ceUs are common to both a and b 

a Stimulation of a or 6 effectively excites 9 motor neurones Stimulation of a and 6 together excites only 
n n '?* ox neurones, because 0 are common to both afferents Occlusion takes place 
" Stimulation of a or b effectively excites 3 motor neurones (enclosed by continuous line) and produces 
a ,f U i * na * on another 6 motor neurones (enclosed by dotted line) Stimulation of a and b 
stimulates 12 motor neurones as the two subliminal fringes effectively sum 

Thus m one experiment, stimulation at 3, 88, and 228 per second elicited 
discharge rates of 16, 14, and 18 per second During a reflex like the flexor 
reflex, the discharge rate of the motor neurones may not be uniform , it 
may initially rise rapidly to a maximum and then speedily decline 

Increasing the frequency of afferent stimulation increases the tension of the 
reuex response , as more afferent impulses arave in unit time there are 
greater opportunities for central summation, more motor neurones are 
effectively stimulated and they may discharge at a higher frequency 

Many of the features of reflex excitation in the somatic nervous system 
le a summation, irradiation, recruitment, after-discharge) can also he 
observed in reflexes m the autonomic nervous system 

(14) Gradation of Central Excitation — (i) It may be sub liminal , i e 

1 



542 REFLEX INHIBITION 

there is no motor neurone discharge, but there is opportunity for summation 
to occur (p 533) 

(n) The motor neurone may discharge once and a simple twitch results 

(m) The motor neurone may discharge repetitively at a low frequency , 
the corresponding group of muscle fibres goes into partial tetanus (subtetanus) 

(iv) When the motor neurone discharges at about 60-90 times per second 
it is said to be excited maximally, as with such a discharge rate full tetanus 
of the corresponding motor unit usually results (p 500) 

(v) The motor neurone may, however, discharge at still higher rates, up 
to 100 or 150 times per second , this is called supramaximal activity As 
far as the muscle is concerned this high rate of discharge is wasteful, because 
no greater mechanical response develops , the high discharge rate can, 
however, be seen in the muscle action potentials A centre driven at a high 
rate is protected to some extent from inhibitory influences 



O 05 I SEC 

Fig 340 — Recruitment and After-Discharge in Inhibitory Reflexes (Liddell and 
Sherrington, Proc roy Soc B , 1925 ) 

Kneo Extonaor In both rocordB from E to E, stimulation of contralateral afferent to produce crossed 
extensor reflex During the period Indicated by the arrows (I, I'), stimulation of ipsilateral inhibitory 
afferent, for a shorter time in A, and for a longer time in B Note that prolongation of inhibitory 
stimulation increases the extent of the inhibition , following It is a horizontal plateau which is interpreted 
as representing inhibitory after discharge , central inhibition persists and prevents for 0 05 sec the 
redevelopment of tension m the muscle 

By means of its wide range of discharge rate each motor neurone can finely 
grade the activity of the muscle fibres which it supplies 

(vi) Finally, an afferent nerve, by stimulating varying numbers of motor 
neurones m the “ pool ” under its possible control, can regulate the number 
of motor units in action, and consequently the tension which is developed by 
the muscle 

General Features of Reflex Inhibition — Reflex inhibition resembles 
reflex excitation m many respects , the fundamental difference is that the 
impulses arriving at the synaptic terminals on the motor neurones depress 
(instead of stimulating) the cells An inhibitory afferent is one which, when 
appropriately stimulated, depresses the group of motor neurones under 
exammation, i e it inhibits the muscle fibres supplied by these motor neurones 
Inhibition can, generally, only be demonstrated agamst a background of 
activity , the background classically used m the study of reflex inhibition is 
the discharge of the spinal extensor neurones set up by stretch reflexes m 
decerebrate rigidity (p 584) or by the crossed extensor reflex 
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The characteristics of reflex inhibition are 

(1) Delay partly peripheral, partly central (of p 532) The central 
delay depends on the n um ber of mternuncials traversed (transmission through 
these is of course excitatory) The synaptic delay at the motor neurone 
at which inhibition is produced, is about 1 m sec during this time the 
impulse at the synaptic terminals bberates the hypothetical inhibitory 
chemical transmitter, which sets up the supposed, positive locahzed electro- 




Fiqs 341 and 342 — Antagonism of Central Excitation and 
Central Inhibition (After Sherrington, Prod rav Sac 
B , 1909, 81 , 249 ) 


Kccords of reflex contraction of a flexor muscle 

EX at each rise of the signal, stimulate the ipsilatcral excitatory 
afferent nerve which elicits reflex contraction of the flexor muscle 
IN at each rise of the signal, stimulate the contralateral afferent nerve 
which Inhibits the flexor motor neurones 
A, BCD strength of excitatory stimulus kept constant, strength 
or Inhibitory stimulus progressively Increased 
L, I\ 0, H strength of inhibitory stimulus kept constant strength 
of excitatory stimulus progressively decreased 


tonus which, on reaching threshold value, depresses the “ fixing ” of the motor 
neurones 

(2) Summation —As with excitation, central inhibition may be subbminal 
m terms of the working hypothesis, the positive electrotonus does not reach 
threshold value Both spatial summation (produced by simultaneous 
stimulation of two inhibitory afferents) and so-called temporal summation 
(produced by repetitive stimulation of a single inhibitory afferent) can be 
produced (cf discussion on p 533} ' 

, nh Fatigxjz ~~ li f an inhibitory reflex is ehcited at short intervals, the 
inhibitory response (t c the degree of muscular relaxation) becomes smaller , 
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the seat of the fatigue process is the nerve centres These observations show 
what central inhibition involves the development of some “ active ” process 
which arrests the discharge of the motor neurones 

(4) Increasing the Strength or the Frequency of afferent stimula- 
tion increases the extent and the rate of development of inhi bition ( % e of 
muscular relaxation) (Fig 341, A-D) This is due to more impulses impinging 
on the motor neurones providing greater opportunities for spatial and 
pseudo-temporal (i e also really spatial) summations, 

(5) Inhibitory Recruitment and Aeter-discharge (Fig 340) — Pro- 
longation of afferent (inhibitory) stimulation leads to progressive deepemng of 
central inhibition and greater relaxation of the musculature This inhibitory 
recruitment is due to central summation, progressively extinguishing the dis- 
charge of more motor neurones On cessation of afferent stimulation, the 
inhibition may persist at maximal level for some time and gradually pass away 
i e the motor neurone discharge gradually restarts This persistence of 
inhibition is called inhibitory after-discharge , the term is not altogether a 
happy one What happens is this when afferent stimulation is stopped. 


ON OFF 

I I 

I 
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Fio 343 — Reflex Inhibition slowing Rate of Motor Neurone Discharge 
(Sherrington and othors. Reflex Activity of the Spinal Cord, 1932 ) 

Record of the action potentials in a single motor unit In response to reflex excitation Between the points 
indicated by ON and OFF an inhibitory afferent nerve was stimulated The rate of motor neurone 
discharge is markedly slowed Time scale in 0 OX sec 

impulses continue to pass through the maze of mternuncials (excitatory 
transmission) , the mternuncial background bombards the motor neurones 
to produce an inhibitory state , i e persistent activity (after-discharge) of 
the mternuncials sustams a state of inhibition of the motor neurones 

(6) Localization — To inhibit a specific group of motor neurones, 
appropriate afferent nerves or nerve endings must be stimulated Thus 
ipsilateral afferent stimulation inhibits the extensors of the same limb (as 
part of the flexor reflex) (Figs 338, 340, 341, 344) , contralateral afferent 
stimulation inhibits the flexors of the opposite limb (as part of the crossed 
extensor reflex) (cf reciprocal innervation) Pressure on the sole of the foot 
elicits the extensor thrust m the same limb, during which the extensors con- 
tract and the flexors relax , nocuous (harmful, painful) stimulation of the 
sole of the foot ehcits the flexor" reflex in the same hmb, during which the 
flexors contract and the extensors relax 

(7) Antagonism of Central Excitation and Central Inhibition — 
Central excitation and central inhibition whatever their nature or their site 
of development represent processes which are opposite m sign , they mutually 
annu l, neutralize, or antagonize one another This can be demonstrated by 
simultaneously stimulating an excitatory afferent (EX) and an inhibitory 
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afferent (IN) acting on the same group of motor neurones By suitably 
adjusting the strength of stimulation of afferents EX and IN, the activity of 
the motor neurones can be finely graded (Pig 341) With increased strength 
of afferent IN, the number of motor neurones which are discharging is progres- 
sively reduced In the case of an individual motor neurone, its discharge 
rate can be slowed down from supramaximal (150 per sec ) to maximal 
(GO- 90 per sec ), then to lower, sub- 
tetamzmg, frequencies , finally the dis- 
charge is completely stopped (Pig 343) 

Reciprocal Inhibition (Reciprocal 
Innervation) —Reflex inhibition of 
the antagonist muscles is an almost 
invariable accompaniment of reflex 
excitation of the protagomst muscles 
This is the principle of reciprocal 
innervation of muscles Movements 
are thus facilitated, as relaxation of 
antagonists proceeds pan passu with 
contraction of protagonists This 
important general law can be readily 
demonstrated (Fig 344) 

In a decerebrate animal the flexors 
of the knee and their antagonist the 
vnstocrureus may be detached from 
their insertions and attached to levers 
If a nocuous stimulus is applied to 
the sole of the foot to elicit the flexor 
reflex, it is found that as the flexors 
contract the extensors elongate It can 
be shown that the two processes are 
simultaneously induced The receptive 
field, the nature of the stimulus, the 
latent period and the number of sub- 
liminal stimuli necessary to produce 
summation are identical for contraction 
of the hamstrings and for relaxation of 
the vastocrureus T he afferent im pulses 
vlnch cnter the_spinal_cord .stimulate 
the motor neurones, supplying the 
protagonists and inhibit the .motor 
neurones supplying the antagonists 
(Figs 344 and 345) 1 

Fig 344 is analysed in detail m the 

i erv°fuliv P I123 ’ Where th<3 Sub]ecfc of reci P r °cal innervation is discussed 

ij Rociproc*\l innervation can also be demonstrated m voslnres In 59fP 

k S e S mU,al,0n ’" 0?0r «*« (P 634) or 0 ?t CfZafeuMd 
(1 G o,), following cerebellar stimulation, m labyrinthine nystagmus (p 601 ) 



Fig 344 — Reciprocal Inhibition of 
Antagonistic Muscles (Sherring- 
ton, Quart J exp Physiol , 1913 ) 

F, EemltendlaoEUB, a kneo flexor, E, vasto- 
cnrreuB, a knee extensor During rise 
of signal line IP, stimulate ipsUateral 
popliteal nerro The inhibition of the 
extensor is accompanied by a simul- 
taneous contraction of the flexor muscle 
Myograph writer for E is set a little to 
the right of that for F, so that ascent of 
F and descent of E are in fact practic 
ally synchronous Eelaxation of the 
ertsnsor Is followed by a marked re- 
bound contraction above the original 
level 
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and in stretch reflexes, e g the Jcnee-jerk (p 644) To some extent the principle 
also apphes to the autonomic nervous system 

Reciprocal innervation m voluntary movement is fully discussed on 
pp 649 et seq 

Central and Peripheral Inhibition — In central inhibition the seat of the 
inhibitory process is in the centre, e g inhibition of extensor motor neurones 



TTro 345 Diagram illustrating Mechanism of Reciprocal Innervation (Modified from 

1!1G ui g Sherrington, Integrative, Action of Nervous System ) 

„ . „„„ to "T7 - finp flfixorB + = Central excitation -= Central inhibition 

E = Knee extensors e n i nerve on ri! rht side reflexly produces flexor reflex on right side and 

Stimulation of , ce “^ a ' J5* ° left 8K ie In the case of each reflex response, contraction of protagonists is 

accompanwdlby reciprocal inhibition of antagonists 


m the flexor reflex , inhibition of the vasomotor centre by the aortic or smus 
/ 739 ) inhibition of the inspiratory centre by vagal afferents from 

iJL t-n 3881 In peripheral inhibition the seat of the inhibitory process 
L m “e penpielal t JJ,,g vagal mUabon of the heart (p 268) sym- 
nathetic inhibition of the small intestine Suppression (p 620) and conditioned 
inhibition (p 679) are special types of central inhibition 
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THE AFFERENT NERVOUS SYSTEM 1 

Skin and Muscle Receptors — These may be classified as follows 

( 1 ) In Muscle and Tendon (a) Muscle spmdle , (6) Organ of Golgi 

(u) Organized Skm Receptors (a) Pacinian corpuscle , (6) Tactile 
corpuscle , (c) End bulbs 

(in) Pam Receptors (a) free nerve endings , (b) 

plexiform networks 

(1) Musculo -Tendinous Endings — (i) The muscle 
spindle is a fusiform body lying between the muscle 
bundles, with its long axis parallel to them It consists 
of 6-12 poorly differentiated thin “ intrafusal ” muscle 
fibreB rich m nuclei and sarcoplasm , the transverse 
stnations are not well marked The spmdle has a 
complex innervation (a) An afferent nerve fibre enters 
the spmdle and breaks up into non-medullated branches, 
each of which wmds m a spiral or annular manner 
round a single intrafusal fibre (“ annulo- spiral ending ”) 

(Fig 346) These receptors respond (a) to passivejstretch, 
and (/?) to changes in the tension of the intrafusal fibres 
resulting from their active contraction When the muscle 
fibres outside the spindle contract, the degree of stretch of m 
the spindle is generally decreased but sometimes is mcreased 
(6) The intrafusal fibres receive a motor innervation from 
thin medullated somatic fibres 2 (c) A non-medullated 
afferent fibre , this may be an associated pain receptor 

(u) The organ of Golgi is found in tendon close to its 
point of attachment to the muscle The tendon fibres 
separate into a number of small bundles, nerve fibres 
penetrate between the fasciculi, and their medullary 
sheaths stop short, the axons end m terminal arborizations 
beset with irregular varicosities (Fig 347) These organs 
are also found m the connective tissue between the muscle 
fibres The Golgi organ is a stretch receptor , it is always Fro 340 — Intrafusal 
stretched when the muscle contracts ~ o lbr °,, of M V SC ! 0 

(2) Organized Skin Receptors — These receptors Nerve Supply \j 

which subserve the sensations of touch, light pressure, Bode from Shar- 
heat, and cold are constructed on a uniform plan They poy-Schafer, Essen- 
consist of an outer lamellated connective-tissue capsule, itals °f Histology) 
and a core of soft nucleated cells within which the ^lytagthBnmsde fibre 
axon, having lost its medullary sheath, ends simply or Note tue annular method 
as an arborescence Ine receptors to be described vary fibre round the highly 
chiefly m the complexity of their design flbre 6sted lntrafusal 

(i)> Pacinian^ corpuscles are large receptors found in 
the subcutaneous tissues of the hands and. feet and m the neighbourhood of 
tendons and joints The capsule consists of a number of concentric fibrous coats 
arranged hke the layers of an onion , the soft core is cylindrical m shape The 

1 Head, Studies in Neurology , 2 vols , 1920 Stopford, Sensation and Sensory Pathway, 
London, 1930 , Symposia, Res Publ nerv ment Dis , Sensation, 1935 , Pam, 1943 
Newton, Cutaneous Sensation, Recent Advances m Physiology, 7th edn , London, 1949 

* Hunt and Kuffler, J Physiol , 1951, 113, 283, 298 
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nerve fibre passes down the middle of the core to its farther end to form a 
terminal arborization The Pacinian corpuscles to r , o-fy„.w,p+ n” 

(u)T' ' j .(■ >:■ <> 

are found m the papillae of the 
skm These touch receptors are 
ellipsoidal in shape The afferent 
nerve fibre enters, ends in a complex 
ramification in the soft central core 
of the corpuscle (Fig. 348) T he 
Meissner corpuscles always occur 



Fig 347 — Organ of Golgi (Ciaccio, from 
Sharpey-Schafer, Essentials of Histology ) 

n — Afferent nerve fibre a « Arborization of axis 
cylinder between the *«ndon-bundles 


MEISSNER 

CORPUSCLE 


m groups oitwo or three (nev er 
smgffi , i n~ffm^" Bkin71ib ouFTien 
sucn groupsTare found in an area 
of 1 sq mm Other tactile receptors 
are found forming a basket-like 
ending round the base of the hai r 
follicles (Fig 349), their arrangement 
suggests that they would be stimu- 
lated by mechanical displacement 
of the hair 

(m) End bulbs (of Krause) occur 
in the conjunctiva, the papillse of the 
bps and tongue, the sheaths of nerve trunks, the skm of the genital organs 
in both sexes, and in the neighbourhood of joints They are spherical m 
shape (Fig 349), but 

otherwise resemble Accessory 

the tactile corpuscles ' F,BRE 

They are believed to 
respond to crikL 
A somewhat 
simpler type of 
ending (t he organ of 
Golgi -Mazzorn (Fig 
349))nis~sai3~~fco be 
specifically re spon sive 
to. warmth ~~ 

{strain Recep- 
tors — The receptors 
are free (unencapsu- 
lated) thm nerve 
filaments both non- 
medullated and 
medullated The 
muscle spindles 
and many of the 
organised skin 
receptors receive an 
“ accessory ” non- 
medullated fibre which is believed to be a pain receptor (Fig 348) In the skm, 
two nerve plexuses are present which are related to pam sensibility (i) a 



s 

FROM CUTAN 
NERVE PLEXUS 
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FROM CUTAN 
NERVE PLEXUS 

Fra 348 — Meissner’s (Touch) Corpuscles (Weddell, J Anal , 
1941, 75, 441 ) 

Three end organs, each supplied by a separate medullated nerve fibre were 
found in an area 0 15 mm wide Ifote carefully the accessory non- 
medullated nerve fibre supplying the corpuscles, it may mediate 
pam sensibility 
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superficial plexus under the epidermis, from which filaments pass to end 
between the epithelial cells or actually m the cytoplasm of the cells These free 
endings can be readily acted on by chemical changes in the cellB produced 
by noxious agents , (n) a deeper sub epidermal plexus Free nerve endings 
are present round the blood vessels and in the aponeurotic sheaths of skeletal 
muscle and probably subserve pain in these localities 

Terminology — Afferent impulses may be divided into — 

(i) Exteroceptive those set up by events m the outer world, such as 
auditory, visual, or olfactory stimuli, or those giving rise to sensations of 
touch, pain, or temperature 

(u) Proprioceptive co min g from the muscles and adjacent deep structures 
(e g ligaments, tendons, joints) (also called “ kmsesthetic impulses ”) and 
from the labyrinths Proprioceptive impulses give information about the 
position of the head and the various parts of the body at rest and during 
movement 

(m) Enteroceptive arising from the viscera 



Fia 349 — Various Forms of Cutaneous Sensory Nerve Endings 
(Fulton, Physiology of Nervous System, NY) 

(1) Basket-like ending round the base of a hair follicle 

(2) End bulb (? subserves cold sensation) 

(3) Organ of Golgi Mazzoni (? subserves warmth sensation) 


General Properties of Receptors. 1 — (1) Methods of Study — -Using 
amplifiers and the cathode ray oscillograph it is possible to record the action 
potential (which accompanies the nerve impulse) in single nerve fibres and 
thus get information of great interest It is of less value to study the action 
potentials m a nerve trunk which contains many fibres the action potentials 
are out of step in adjacent fibres, and the deflections recorded are simply the 
algebraic sum of the electrical changes (at any moment) m all the fibres and 
do not represent what happens in any individual fibre It is usually necessary 
(i) to reduce the number of conducting fibres m the nerve under examination 
to very few (if possible to a single one) by appropriate section, or (n) to 
simplify the peripheral end by having only a smgle sense organ in action 
The latter procedure is well demonstrated in the case of the min ute stemo- 
cutaneous muscle of the frog which contains several muscle spindles When 
the whole muscle is stretched all the endings discharge asynchronously and 
numerous irregular impulses are recorded in the nerve (Fig 350, A) Successive 
parts of the muscle are cut off, till one spindle only is left stretch of the 

3 Adnan, Basts of Sensation, London, 1928 , Physiol Rev , 1930, 10, 336 
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muscle now gives rise to a slow regular senes of impulses from the single 
ending (Fig 350, B) The Pacinian corpuscle on the other hand is sufficiently 
large to be isolated and stimulated directly 

(2) Specificity of Response Peripheral Analysis — The receptors 
(except those for pam), because of their specialized structure respond only 
when the appropriate, specific stimulus is applied , other kinds of stimuli are 
ineffective Thus the tactile corpuscles or Pacinian corpuscles respond to 
deformation , the tendon organs to stretch , the otolith organ to the pull 
of gravity , the retina to light , the cochlea to vibrations of the basement 
membrane set up by sound The receptors are thus peripheral analysers 
which respond to a specific environmental change by generating nerve 
impulses 

(3) Repetitive Response Adaptation — As the skin and muscle 


i — i — i — i — r 
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Fig 350 — Action Currents set up by Stretch Receptors m Muscle 
(Adrian ancLZotterman, J Physiol ) 

Record of afferent impulses In nerve from stretched muscle Time, 0 01 sec 
Capillary electrometer (amplification x 490) 

A, Intact muscle, 2 g weight applied Numerous irregular impulses 

B, Muscle divided till It contained a single nerve ending , 1 g weight applied 

Slow regular series of impulses 


receptors are in essence nothing but appropriately arranged free or encap- 
sulated, non-myelmated nerve fibres, we must consider first the response 
of a nerve fibre to stimulation If a constant stimulus m the form of a 
constant current is applied to a nerve fibre, a smgle impulse is set up at the 
moment the current is made (Fig 351) The fibre immediately becomes 
refractory and then recovers to normal, but it does not respond again to the 
presence of the current which is passmg through it, though the first application 
of this current proved an adequate stimulus This phenomenon is described 
as “ accommodation ” (p 494) i e the constant current ceases to be an 
effective stimulus 

Now let us repeat this procedure with receptors, i e the appropriate 
natural stimulus is applied and maintained The receptor responds to a 
constant stimulus not with a single discharge but with a repetitive burst 
of nerve impulses , accommodation or adaptation as it is called m the case 
of the receptors, is not immediate The duration of the burst vanes greatly 
among the different receptors (Fig 351) 
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( 1 ) In the case of stretch, receptors, e g the muscle spmdles, adaptation 
takes place very slowly , the discharge continues for as long as the muscle 
is stretched, though the frequency of the discharge tends to decline (cf p 589) 
Stretch receptors with practically identical characteristics are found (a) in 
the otolith organs (p 598), (6) in the vaso-sensory zones (aortic arch and 
carotid sinus, Fig 479, p 742), (c) in the alveoli of the lungs (Fig 231, 
p 387) The behaviour of the receptors m the ampullte of the semicircular 
canals is discussed on p 599 Stretch receptors are also present in the hollow 
viscera, e g stomach, intestine, and urinary bladder (p 770) 

(u) In touch receptors adaptation is rapid Thus if a hair is bent, impulses 
are set up only during the movement, but not after it has ceased, although 
the hair is kept in the abnormal position Similarly, if hairless skm is touched 
the discharge may only last for 0 2 second 


(in) The rate of adaptation in 
temperature receptors is mter- 
mediatebetweenthat of muscular 
and tactile receptors 

(iv) Pam receptors are con- 
sidered on p 553 Some pain 
receptors, e g those in the 
cornea, show little adaptation 
Under natural conditions 
adaptation may be less of an 
impediment than appears from 
controlled experiments The 
natural stimulus is usually of 
a more variable character, not 
affecting exactly the same group 
of receptors all the time , some 
of the receptors in the stimulated 
area can thus recover during 
brief quiescent periods (free 
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SECONDS 

Fio 351 — Rato of Adaptation of Nerve 
Endings (After Adrian, Basis of Sensa- 
tion, 1928 ) 


from stimulation) and respond 
maximally again the next time 


Height of curves Is proportional to frequency of discharge 
of nerve ending at various times after applying the 
stimulus 


the stimulus affects them 


(4) Effect of Strength (Intensity) of Stimulus — As the strength 
of stimulation is increased the frequency of the discharge rate rises from 
low levels, e g 5-10 per second to maximal levels of 300 per second or higher 
Thus m Fig 352, pressures of 250 g and 500 g applied to the cat’s toe-pad, 
produced peak discharge rates of about 250 and 400 per second respectively 
A stimulus which increases slowly in intensity produces a lower peak dis- 
charge rate than a stimulus that rises very rapidly to the same maximum 
(Fig 353) In all receptors, i ntensity of stimulation is translated into impulse 
frequency, le the numbers of lmpulses’jper ^second transmitted along the 
related afferent fibre 


(5) Effect of Extent of Stimulation — An extensive stimulus activates 
more receptors and consequently impulses pass back along a larger number 
of nerve fibres (Similarly, increasing the strength of stimulation which is 
applied to a nerve trunk brings into action more nerve fibres ) 

(6) Aotion Potential — The action potential (and presumably the 
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associated nervous impulse) varies witli the diameter and type of conducting 
afferent fibre, but not with the nature of the receptor The quality ( modality ) 
of a sensation (e g whether it is touch, heat, cold) thus in no way depends on 
the characteristics of the impulse in the afferent nerves 

(7) The factors concerned in determining the localization and quality of 
the sensation are discussed on p 570 

Temperature — A substance which haB the same temperature as the 
skin produces no sensation of temperature "When a suitably warmed 
instrument is passed over the skin vivid appreciation of warmth occurs at 
certain points , these are the “ warm ” or “ hot ” spots , similarly, “ cold ” 
spots may be mapped out The two types of spot do not coincide with 



Fig 362 — Relation of Strength of Stimulus and 
resulting Frequency of Afferent Impulses 
(Modified from Adrian, Basis of Sensation ) 

Stimulus A.’ -weight of 250 g applied to cat’s toe pad 
Resulting maximal frequency (A) is 250 per sec 
Stimulus B' weight of 500 g Resulting maximal fre 
quency (B) exceeds 400 per see 
Note rapid adaptation in both cases as stimulus ts main- 
tained 

each other and they do not respond to mechanical or electrical stimulation 
The “ cold ” spots are far more numerous than the “ warm ” Bpots They are 
mostly found on the chest, nipples, nose, anterior surface of the arms and 
forearm and on the abdomen They are less numerous m exposed parts such 
as the face, hands, and mucous membranes 

The temperature receptors show a special type of adaptation which is 
demonstrated by the three basins experiment One hand is plunged into 
hot water and the other into cold water for a few moments both are then 
placed m a basin of tepid water The former gives rise to a sensation of cold, 
the latter to one of warmth 

Touch — This sensation is studied by means of Frey's hairs, which are 
made of varying cross-section , when bent they exert a pressure which 
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vanes directly with their thickness The touch spots bear no relation to 
the temperature spots The adequate stimulus for touch spots is deformation 
of the skm by pulling or pushing , uniform pressure (e g dipping the finger 
into a beaker of mercury) is ineffective Touch spots are most numerous 
on the finger-tips, and very sparse on the shoulders and the shins The most 
sensitive areas of the body are the tongue, nose, bps, and finger-tips The 
touch spots adapt rapidly , thus the continual stimulus of clothing is not 
appreciated, because adaptation soon takes place (see p 550) The hair 
follicles have a nch sensory innervation A. slight touch to the hair acts 
in the same way as a stimulus apphed to the long arm of a lever — the short 
arm of the lever being the root of the hair, which is mside the skm The 
stimulus is thus multiplied about fivefold during transmission through the 



Fig 353 — Relationship between Rate of Stretch of Muscle and Frequency of Impulses 
set up m Receptors (Modified from Adrian, Basis of Sensation ) 

Vertical Axis — Move Weight attached to muscle to produce stretch and stimulate receptors Btlow 
Frequency of afferent nerve impulses per sec sot up by stretching muscle and recorded In distal 
end of cut muscle nerve 

In A', the stretch reached maximum m less than 1 sec , in B' the same maximum stretch was attained 
after 6 sec Note that the maximal frequency of the nerve impulses (A) in response to A' Is over 
100 per sec compared with 40 per sec (B) in response to B' 


hair Consequently, shaving the skm considerably diminishes its sensibility 
The sensation of light superficial pressure probably also depends on the 
response to touch receptors 

Pam Sensibility — (1) Specific Quality of Pain — There is evidence to 
show that pain is a specific quality (modality) of sensation and does not 
merely represent the result of excessive stimulation of any kind of receptor 

( 1 ) When some tissues, e g the cornea, are stimulated they only give rise 
to pam , the only nerve endings m the cornea are naked fibres that pass 
between the epithelial cells 

(n) When an interrupted jet of air is apphed to the skm it may cause an 
impulse discharge at a frequency as high as 300 per second, hut the animal, 
judged by its behaviour, experiences no pam 

(2) Stimulus foe Pain — Unlike the specialized receptors, the pam 
endings can be stimulated by a wide range of stimuli which only have m 

i8* 
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common the property of damaging tissues, i e they are nocuous, harmful 
stimuli Thus excessive heat or cold, excessive stretch or tension, many 
chemical agents (products of ischaemia, acid, alkah, hypertonic solutions), 
electric currents, scratching, or cutting may produce pam It is possible that the 
effective stimulus to the pam endings is some chemical agent released by injury 1 
(3) Fibre Types Involved — Nocuous stimulation sets up a prolonged 
discharge of impulses, with httle sign of adaptation, conducted in two kinds 
of fibres (a) very fine non-medullated C fibres , the action potentials in 
these fibres are, characteristically, of low voltage and have slow time relations , 
(6) thin medullated A fibres of larger diameter than the C fibres The notion 
of a double peripheral pam path is supported by the following evidence 
(l) If a hot body at a temperature of 60-65° C is applied to the skm 
for 0 3 sec , a “ double ” pam is felt , there is a “ former ” and a “ latter ” 
•pam, generally called the “ fast ” and “ slow ” pam, which are separated 



Fig 364 — Stimulation of Pam Afferonts in Dorsal 
Nerve Roots produces Reflex Rise of Blood 
Pressure and Dilatation of Pupil (Calma and 
Wright, J Physiol , 1947, 106, 211 ) 

Records from above downwards 

Pupil diameter —constricted , +dilated , nrterial blood 
pressure in mm Hg , signal line , time in 10 sec 
Apply solutions directly to exposed lumbar dorsal nerve root 
Isotonic (0 9%) NaCl, no effect Isotonic KCI (1 3%) stimulates 
pam afferents as a result there is a reflex rise of blood 
pressure and dilatation of pupil 

by a distmct interval , this observation suggests the presence of two kinds 
of pam fibres with different rates of conduction In conformity with this 
view the interval between the “ fast ” and the “ slow ” pam is longer if the 
stimulus is applied to the foot and shorter if it is applied to the hand 

(n) In the injury to the dorsal nerve roots which occurs in tabes (p 561), 
“ fast ” pam may be lost and only the “ slow ” component persists, presumably 
because the disease abohshes conduction m the thicker fibres first The 
tim e mterval between the application of a stimulus to the knee and the 
resultmg sensation of “ slow ” pam is about 1 sec , it is about 2 secs when 
the foot is stimulated The difference m time corresponds to a conduction 
rate m the nerves involved of under 0 5 metre per sec (i e that of C fibres) 2 
(in) Local application of procaine paralyses the finest nerve fibres first and 
the thickest last , asphyxia (induced by applying a cuff inflated to above 
systolic pressure to the arm) blocks conduction (under the cuff) m the thickest 

1 The pam sense attaches to a tissue “ a specific sense of its own injuries ” 

2 It should be pointed out, however, that the latency m some cases may be as long 
as 20 secs ! 
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fibres first and m the thinnest last As might be expected, procaine abohshes 
“ s i ow ” pam first, while asphyxia abohshes “ fast ” pam first 

(iv) The non-medullated and fine medullated fibres m the dorsal nerve 
roots constitute the lateral division of the root , they enter the substantia 
gelatmosa (at the apex of the dorsal grey horn), where they end Stimulation 
of the dorsal root produces reflexly an increase m the rate of the heart, 
a rise of blood pressure (Fig 354) and increased respiration, i e the changes 
which are generally associated with nocuous stimulation , these reflex 
reactions disappear if the lateral division of the root is severed 

(4) Complex Pain — The specific stimuli for certam receptors, when 
intense, may stimulate adjacent pam fibres , thus excessive heat, cold, or 
pressure arouses pam as well as the specific sensation Similarly if the 
skm is stroked vigorously with a wooden pm, there is initially a response 
from the receptors for touch and hght pressure , when a sensation of burning 
pam develops, impulses can be demonstrated travelhng m C pam fibres 
A complex sensation can thus be set up by natural stimuli as different groups 
of receptors are stimulated simultaneously or successively , the exact 
character of the sensation will depend on the variety of receptors stimulated 

(5) Affective Component of Pain — Pam not only represents a special 
quahty (modahty) of sensation, but it is characterized by a large emotional 
(affective) accompaniment pam is always unpleasant, and may become 
intolerable By contrast, some kinds of sensation are almost devoid of affect, 
e g muscle sense , moderate temperature may be associated with a pleasurable 
affect , touch may be associated with every degree of affect, according to 
what is being touched (and by whom) 

(6) Localization of pam and referred pam are considered on pp 571, 756 
(Ischasmic pam is discussed on p 750, visceral pam on pp 752 et seq 

(7) Prepotence of Reflex Effects produced by Nociceptive Im- 
pulses — Impulses set up by nocuous stimuh, m addition to arousing the 
sensation of pam, also set up widespread reflex effects, even m spmal animals m 
which, of course, pam sensation is non-existent It is convenient to call nerve 
impulses set up by nocuous stimuh, nociceptive impulses , “ what from the 
point of view of sensation are pam nerves, are from the pomt of view of reflex 
reactions conveniently termed nociceptive nerves ” Nociceptive im pulses 
produce widespread reflex reactions , e g a needle prick to the sole of the 
foot m the spmal animal produces the flexion reflex , stimulation of nocicep- 
tive nerves m the dorsal nerve roots sets up marked reflex changes in circulation 
and respiration (supra) Nociceptive impulses from viscera produce reflex 
contraction of muscles and alterations in glandular secretion and m vaso- 
motor tone When there is competition between reflexes, those which are 
set up by nociceptive impulses “ as a rule dominate with peculiar certainty 
and facility,” i e they are prepotent reflexes Thus when reflex competition 
is taking place, the nociceptive flexor reflex overcomes the proprioceptive 
extensor thrust reflex or the proprioceptive reflex which is responsible for 
quadriceps tone m decerebrate rigidity 1 

1 Sexual reflexes (not less important to the species than the nociceptive, and like the 
latter also associated in the intact animal with an intense affect) also show a high degreo 
of prepotence Thus the clasp reflex of the male frog, which is set np by the female coming 
m contact with the skin in the sternal and adjacent region, cannot be inhibited by severe 
mutilation of the hmbs or of internal organs, or by strong stimulation of the sciatic nerve 
it is, however, sometimes depressed by strong nocuous stimulation of the sternal skm ’ 
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Conduction of Afferent Impulses m the Peripheral Nerves 3 — The 
afferent impulses m the peripheral nerves are conducted partly m (so-called) 
motor nerves and partly m cutaneous sensory nerves 

( 1 ) The former convey impulses from the deep structures, such as the 
muscles, tendons, ligaments, periosteum, and joints The so-called “ motor ” 
nerve to a muscle is really a mixed efferent and afferent nerve , 40% of the 
fibres m a “ motor ” nerve are afferent and have their cell bodies in the dorsal 
root ganglia These deep afferents connect with cells m the spinal cord, 
bram stem, cerebellum, and cerebrum and reflexly modify posture and 
movements Some of these fibres after relaying, ultimately reach the post- 
central cortex where the impulses give rise to several lands of sensation, e g 
deep pressure, sense of position, sense of passive and active movement and 
vibration sense m bone (these sensations are referred to collectively as deep 
sensibility ) 

(n) The cutaneous nerves convey impulses which, (a) produce reflex 
effects and ( b ) on reaching the cerebral cortex give rise to sensations of touch, 
heat, cold, and pam ( cutaneous sensibility) 

Effects of Cutaneous Nerve Section 2 — Immediate Effects — In 
Head’s classical experiments, the radial and external cutaneous nerves were 
exposed m the neighbourhood of the elbow and small portions were excised , 
the cut ends were at once umted to facilitate regeneration of the fibres All 
forms of cutaneous, i e superficial sensibility were abolished over the radial 
half of the forearm and the back of the hand Deep sensibility, however, was 
retained as it is mediated by afferent fibres m the motor nerves Deep pressure 
was recognized Excessive pressure gave rise to aching pam There was 
awareness of the position and of movements of the part 

Recovery of Skin Sensibility — (1) Anatomical Considerations — 
The histological changes of degeneration and regeneration following nerve 
section are described on p 496 , broader anatomical factors must now be 
discussed Under ideal conditions each sprouting central axon would grow 
down its old neunlemmal sheath to its own type of receptor m its original 
locality Such perfect anatomical recovery never takes place even when the 
two cut ends of the nerve are carefully stitched together immediately after 
the section, because it is certain that the two cut ends of any one fibre will 
never 3 be placed m apposition , much better anatomical repair may occur, for 
obvious reasons, when a nerve is crushed and not cut When the two ends of 
a cut nerve are separated by a gap, many of the sprouting central axons get 
lost, never reach the peripheral sheaths, and so never function Such fibres 
as do reach the distal end of the nerve will make one or more errors m the 
connections they establish 

(l) They may connect up with a receptor which is of their own type but 
which lies in a different region of the skin, eg a touch fibre originally supplying 
the base of the thumb may connect with a receptor at the tip of the thumb 

(n) They may connect with a different type of receptor, eg a touch fibre 
may connect with a temperature receptor 

(m) Mistakes (l) and (n) will often be combmed 

1 Walshe, Brain, 1942, 65, 48-112 

2 If a mixed nerve which eupphes muscles as well as skin is cut, there is m addition 
paralysis of the corresponding muscles of the lower motor neurone type (cf p 505) and 
loss of deep sensibility 

* “ What, never ? Well, hardly ever ” 
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(xv) A fibre of large diameter may enter tbe neunlemmal sbeath of a small 
diameter fibre and so be unable to attain its normal diameter , when con- 
nections are re-established the fibre will conduct at the lower velocity 
characteristic of the new diameter 

(v) The new fibres in neunlemmal tubes of any size increase m diameter 
very slowly, so that even months after the onset of regeneration none of the 
large fast conductmg fibres have yet appeared , the functional properties of 
the nerve are consequently modified 

(vi) The rate of re-establishment of peripheral connections depends on 
the length of the route to be traversed and on the difficulties encountered, 
especially those met while crossmg the original gap 

(2) Functional Results oe Imperfections of Regeneration — Func- 
tional recovery is likewise imperfect 

( l ) If many skm receptors fail to establish central connections, skin 
sensitivity is generally depressed and areas of anaesthesia may be present 

(u) The ability to localize a stimulus is impaired when abnormal connections 
are established between the periphery and the cerebral cortex Thus, suppose 
that pomt a at the base of the thumb was connected originally with area A 
m the sensory cortex , “ experience ” has “ taught ” us that cortical activity 
at A represents stimulation of pomt a If new peripheral connections are 
established, cortical area A may become connected with, say, pomt b at the 
tip of the thumb A stimulus at b will then be interpreted centrally as coming 
from a, i c there will be false localization which can only be overcome, if at 
all, by prolonged practice (cf p 756) Or again, cortical touch area A may 
become connected with a skm temperature receptor , temperature stimuli 
will consequently not be recognized at all or be misinterpreted as touch 
stimuli 

(m) Because of the altered pattern of fibre diameter, the impulses which 
reach the cortex may also undergo modification m other ways, e g in velocity 
or m the character of the action potential 

The interpretation of the quality, intensity, and locality of a stimulus 
depends on the perfect action of the whole afferent system from periphery to 
cortex (as fully discussed on p 570) The facts set out above explain why 
physiological recovery is always to some extent imperfect Return of function 
takes a long time , the initial phases of recovery are associated with the 
return of the cruder aspects of sensation, with false localization, and false 
appreciation of quality and intensity , accurate sensation returns very slowly, 
partially or at best not quite completely 

(3) Recovery in the Head Type of Experiment — In Head’s experi- 
ment, m which the anatomical conditions were almost ideal, recovery occurred 
m two fairly well defined stages The first phase of crude recovery ( proto - 
path c sensibility) began after 8 weeks and was maximal m 30 weeks The 
returning sensation was punctate, bemg limited to some pain spots, hot spots, 
and cold spots, the intervening areas of skm bemg insensitive The findings 
at this stage are as follows 

(l) Pam — A pm-prick cannot be located accurately, and the pain radiates 
widely and is not infrequently referred to some part at a distance from the 
point actually stimulated A stronger pain stimulus than normal must be 
applied before it can be appreciated— m other words, the threshold for pain 
is high The reaction excited is excessive and “ sickly ” in character the 
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stimulus gives rise to greater pain on the affected side than does a like 
stimulus on the normal side The first return of pam is associated anatomically 
with the growth of a few isolated pam fibrils into the cutaneous nerve plexuses 
As might be expected, deep pricks (2-3 mm deep) may arouse pam in areas 
which are still anaesthetic to fighter and more superficial pricks 

(n) Temperature — A sensation of cold is produced by temperatures below 
24° C , similarly, a sensation of heat results from temperatures above that 
of the body — the lower limit being between 38° and 45° C It is impossible 
to recogmze any temperature quality between 24° and 38° C Thus extremes 
of temperature are recogmzed as “ cold ” or “ hot ” respectively, while 
intermediate grades give rise to no sensation of temperature whatever 

(m) During this period trophic changes m the skm, which may have 
resulted from unappreciated cuts and burns, begm to recover rapidly Normal 
growth of the part is also restored 

During the next year or longer, the finer and more discriminative aspects 
of sensibility ( epicntic sensibility) return Intermediate grades of temperature 
can now be recogmzed Tactile localization — the ability to recogmze the 
exact spot touched — is restored Tactile discrimination returns two 
compass-points applied close together are recogmzed as two distinct pomts 
Light touch, e g the application of cotton wool, is now appreciated Abnormal 
radiation ceases, and the quality of the sensation becomes normal m character 
The two stages described by Head often overlap to a varying extent , 
functional recovery is less satisfactory m most patients with nerve injuries 
than m his case 1 

Dorsal Nerve Roots 2 — All the afferent impulses from the periphery 
(including the viscera (p 735), pass mto the dorsal nerve roots and enter the 
spinal cord The medullated A fibres in the dorsal roots vary m diameter 
from 1-20 g , in addition, there are numerous non-medullated C fibres present, 
constitutmg about 40% of the total number The dorsal roots also contain 
vasodilator (probably C) fibres (p 308) 

Skin Distribution of the Dorsal Roots Dermatomes — The skm 
area supplied by a dorsal nerve root ( dermatome ) cannot be mapped out 
simply by determining the extent of the anaesthetic zone resulting from 
section of the particular root, owing to the extensive degree of overlap between 
adjacent dorsal roots The methods which have been employed m man are 
(l) Gut three dorsal roots (m operations carried out for the relief of 
intractable pain) above and three below the root investigated and determine 
the area of residual sensibility , this area gives the full extent of the intact 
dermatome 

(n) Stimulate the peripheral end of the cut dorsal root (exposed at operation) 
and map out the area of resultmg cutaneous vasodilatation, or mark out the area 
of herpetic eruption m pathological irritation of the dorsal root ganglia (p 309) 

Afferent Paths in the Spinal Cord — 1 Cutaneous Sensibility — The 
fibres subserving skm pam, temperature, and a part of those for touch end 

1 When a motor nerve la cut, similar anatomical and physiological difficulties arise 
Motor fibres may grow to new muscle fibres in the same or m another muscle, or may 
form attachments to sensory endings Deep sensibility may be impaired and the skill of 
muscle movements is reduced When a mixed nerve is cut, further comphcations may 
occur, as motor fibres may grow to the skin, and skm fibres to muscles 

* The law of Bell-Magendie states that the dorsal roots oontam exclusively afferent 
and the ventral roots exclusively efferent fibres 
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round the cells of the dorsal horn of grey matter The fibres which arise here 
cross to the ventro-lateral columns of white matter of the opposite side to 
constitute the spinothalamic tract (Fig 355) This tract consists of two 
divisions a lateral one, carrying pain and temperature fibres, and a ventral 
one carrying touch fibres The spinothalamic tract also contains pain 
fibres from muscles and related structures, and viscera , fibres subserving 
sexual and bladder sensations , fibres subserving tickle, itch, and muscular 
fatigue Some of the fibres for touch as explained below, pass into the dorsal 
columns of the same side (cf p 560) 

The crossing of the spinothalamic fibres takes place round the central 
canal of the spinal cord, m the grey commissure In the lower levels of the 
Bpmal cord these fibres cross transversely m the segment from which they 
arise In the higher levels of the cord this crossmg becomes increasingly 
obhque Thus, in the thoracic region, it occupies two or three segments, 
and in the cervical region four or five segments At all levels the fibres for 
pam cross most transversely, those for touch most obliquely, while those 
for temperature occupy an intermediate position (cf p 696) 

2 Deep Sensibility — The fibres which carry impulses from the deep 
structures end m three ways 

(1) Some end round Clarke’s column of cells at the base of the dorsal 
horn, chiefly m the thoracic and upper lumbar regions From this column 
the dorsal spinocerebellar tract and the ventral spinocerebellar tract arise 
These two tracts convey impulses from the muscles, tendons, and joints to 
the cerebellum , these impulses do not give rise to conscious sensations 
The effect of an injury to these cerebellar tracts is to “ maim ” the cerebellum , 
unless the cerebellum continually receives impulses from the deep structures 
it cannot carry out its functions of maintaining posture and co-ordmatmg the 
activities of muscles We therefore find that injuries to the ascending cere- 
bellar tracts produce symptoms of cerebellar disease such as ataxy or atoma 
(These are described more fully on pp 608 et seq ) 

(2) Some end in the spmal grey matter or pass up to the brain stem 
nuclei (e g vestibular or reticular nuclei, red nucleus) and are concerned with 
reflex posture (tone) and reflex movements 

(3) The other fibres from the deep structures pass up directly in the dorsal 
columns of the spmal cord In the cervical region the dorsal columns are 
divided by a septum into the medial column, the funiculus gracilis or tract of 
Goll, and a lateral column, the funiculus cuneatus or tract of Burdach 

(l) The funiculus gracilis arises from ganghon cells of dorsal nerve roots 
supplying the lower half of the body and therefore carries impulses from the 
lower hmb and the lower half of the trunk Every fibre as it enters the dorsal 
columns of the cord comes to he close to the medial side of the dorsal horn 
As it ascends the cord it is gradually displaced medially by fibres which enter 
at higher levels The funiculus gracilis m the lumbar region thus hes close 
to the medial side of the dorsal horn , as it ascends it passes medially, and m 
the cervical region it occupies the medial column of white matter The tract 
ends m the nucleus gracilis m the medulla 

(n) The funiculus cuneatus arises from ganghon cells of dorsal nerve roots 
supplying the upper hmb and upper half of the trunk It occupies the lateral 
part of the dorsal column of white matter, and ends m the nucleus cuneatus m 
the medulla 
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A further relay of fibres from these medullary nuclei passes to the thalamus 
and thence to the sensory cortex There the impulses give rise to sensations 
about the •position of the hmbs in space, and the direction and extent of 
movements whether passive or active Injury to the dorsal columns results 
m loss of conscious sensation from the deep structures and disturbance of 
movements (for details see p 561 (2) and p 562 (4)) 

The dorsal columns also contain touch fibres from the same side of the 
body , these touch fibres do not relay m the spinal cord but travel up the 
dorsal columns to end m the gracile and cuneate nuclei m the medulla oblon- 
gata (Fig 355) 

Sensory Disturbances in Diseases of the Spinal Cord — (i) Syringo- 
myelia is a condition of excessive overgrowth of neuroglial tissue^ accom- 
panied by cavity formation involving the grey matter round the central 
canal of the spinal cord The crossing fibres subservmg pain and temperature, 
which decussate in the grey commissure, are damaged, with resulting loss 
of these sensations The touch fibres which cross in this region are likewise 
destroyed, but touch has a double path , the fibres which ascend m the 
dorsal columns escape We thus obtain the characteristic dissociated anaesthesia 
of this disease, i e therejs loss_of pam and temperature sensibility, while the 
sense of touch is retamed 

Hcematomyelia is a condition m which a haemorrhage suddenly destroys 
the same region of the cord as m syringomyelia , similar sensory findings 
are found The same changes are found in intramedullary tumours of the 
cord 

The nutritional or trophic changes m skin and bone m syringomyelia 
may be due to loss of the protective pam and temperature sensations Any 
part that is injured fails to receive care and attention because no pam is felt , 
suppurating whitlows and necrosis of bone are common 

(n) In Subacute Combined Degeneration of the cord (associated with 
pernicious anaemia (p 197)) the dorsal columns are often affected early, with 
consequent loss of so-called conscious muscle sense 

(m) In Hemisection of the Cord by injury or by compression from 
extramedullary growth, dorsal column sensibility is lost on the same side 
as the lesion , pam and temperature sense are lost and touch is blunted on 
the opposite side (cf p 695). 

Section of Dorsal Nerve Roots — Section of the dorsal nerve roots 
produces the following results in the corresponding segments of the body 1 
( i ) Loss of all forms of sensation — pam, temperature, touch, muscle and 
visceral sensibility , trophic changes appear 

(u) Loss of all reflexes superficial and deep , loss of muscle tone 
(m) Great clumsmess m the movement of the part, which makes its use 
almost impossible This disturbance develops because all parts of the central 
nervous system — the cerebral cortex and the centres concerned with the 
reflex control of posture — are deprived of afferent impulses from the muscles. 
The motor impairment is well shown by comparmg a cat m which all the 
dorsal nerve roots to the fore hmbs are cut with another m which the skm 
alone is denervated The second animal can readily walk up an inclined 
ladder, while the former can never reach the top and usually falls off the ladder 

1 For fuller details of results of clinical injuries to the dorsal nerve roots, see the 
discussion of tabes (p 561). 
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and lias to watch, the rungs very carefully all the time If , m a monkey, the 
dorsal nerve root supply to a limb is severed, it ceases to be used altogether 
even when the animal is m grave danger 

Tabes Dorsalis — The essential lesion m this common disease is a degen- 
eration of the dorsal nerve roots central to their gangha, affecting especially 
the fibres which ascend m the dorsal columns (i e those concerned with deep 
sensibility)jmd those which subserve pain 

- Tlie'climcal manifestations illustrate well the effects of partial destruction 
of dorsal nerve roots, and amplify the brief summary given in the preceding 
section The resulting phenomena are subjective and objective 

1 Subjective Phenomena — Lightning pains these come in attacks, 
with intervals of freedom The first effect of the disease seems to be to 
stimulate pam fibres in the dorsal nerve roots The pam may be referred 
to skin, muscle, or bone, and may vary m intensity from Blight discomfort 
to intolerable agony 

2 Objective Findings — The fibres conveying pam impulses and those 
from the deep structures are affected first and to the greatest extent 

(1) Pam Sensibility — Pam sensibility may be lost, its appreciation is 
delayed (p 551), or it may be inaccurately localized As m syringomyelia, 
loss of pam sensibility may be responsible for trophic disturbances. The 
perforating ulcers found under the ball of the foot may arise from the neglect 
of a corn 

As the dorsal roots mainly affected m tabes are those which supply the 
lumbo'Sacral and the cervico-thoracic regions of the cord, the common areas 
of anaesthesia are round the anus, over the legs, upper chest, and the ulnar 
borders of the hands The mvolvement of the fifth nerve accounts for the 
anaesthesia of the central part of the face 

The joint deformity known as the Charcot joint may be produced thus 
an injury is inflicted on a joint, or a mild spram or subluxation may occur , 
as no pam is aroused, the condition is neglected, receives no effective treat- 
ment, and becomes progressively worse until considerable damage to the 
articular surfaces of the bones results 

(2) Deep sensibility — -As the fibres that ascend the dorsal columns are 
damaged there is loss of sense of position, passive movement, and vibration 
sense m bone 

(i) Loss of sense of position with the eyes closed the patient is unaware 
of the exact position of the various parts of his body 

(u) Loss of sense of passive movement while the eyes are closed, the 
great toe, for example, may be flexed or extended without the patient’s 
knowledge of the alteration of position imposed on the toe 

(m) Loss of vibration sense in bone after striking a tuning-fork, the 
handle is placed on some bony prominence Normally, a sensation is felt 
which is varyingly described as a “ buzzing ” or " electrical ” sensation 
When dorsal column sensibility is lost, the patient states that he merely 
feels a cold object m contact with his skin 

(3) Reflexes — Muscle tone depends on impulses which enter via the dorsal 
nerve roots from the corresponding muscles (p 582) As these impulses are not 
received, loss of tone (atonia) or diminished tone (hypotonia) results The 
muscles are flabby , the limbs can be placed m unnatural positions, and 
excessive movement is permitted at Jhe joints without producmg discomfort 
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The deep reflexes (p 644) (e g knee-jerk, ankle-jerk) •which depend on the 
integrity of “ stretch afferents ” in the dorsal nerve roots, are also lost 

(4) Voluntary Movement — There is considerable disturbance of voluntary 
movement, illustrating the important general principle that the indispensable 
basis of all purposeful and effective motor activity is accurate information 
Normal persons carry out many movements without the aid of the visual 
sense, being guided partly by the impressions which reach the sensory cortex 
via the dorsal columns, and partly by proprioceptive impulses which do not 
attain consciousness but end m the spmal cord, brain stem, and cerebellum 
to control posture and indirectly to guide voluntary movement (p 606) 
Many movements, e g walking, can normally be earned out with a minim um 
of attention When the afferent impulses from muscles are cut off, the gait 
becomes clumsy , the patient walks with his legs apart to help compensate 
for his ataxy Every phase of each limb movement is overdone, because 
the normal afferent impulses which would check the movement are not 
received The feet are raised too high and stamped down too forcibly — 
stamping gai t. The finger-nose test demonstrates the defect under considera- 
tion very well The patient is asked to place the tip of the forefinger of the 
outstretched hand on the nose while his eyes are shut Instead of taking the 
shortest and most direct route, and readily touching the nose, the finger 
wanders about aimlessly, and finally alights on the cheek, chin, or neck 
As the patient is unaware of the position of the nose or the finger and does 
not know what progress the hand is making, it is little wonder that he fails 
to find his objective Should the patient close his eyes while standing with 
the feet together, he sways from side to side, and, if not supported, finally 
falls to the ground {Romberg's sign) ThiB inability to stand may be due m 
part to loss of the afferent impulses which subserve the stretch reflexes , these 
normally produce a sustamed contraction of the antigravity muscles in the 
legs and trunk thus maintaining the erect posture (cf p 595) 

(5) Temperature and touch sensibility are affected to a variable extent, 
but for some unknown reason, the dorsal root fibres subserving these sensa- 
tions tend to escape injury 

(6) The sphincter trouble in tabes results from the loss of visceral sensibility 
of bladder and rectum The patient does not know when his bladder is 
comfortably full, and consequently allows it to go on filling, and become 
excessively distended without experiencing any desire to micturate The 
heightened pressure in the bladder finally forces the sphincter open, and 
small amounts of urine overflow at intervals (see also p 771) 

Ascending Paths in the Brain Stem — (1) Funiculus Gracilis and 
Cuneatus — In the lower medulla, the funiculus gracilis ends m the nucleus 
gracilis, the funiculus cuneatus m the nucleus cuneatus From the small 
cells for min g these nuclei a fresh relay of fibres arises, which sweeps ventrally 
across the middle line as the mternal arcuate fibres to form,„.th§--n!edro? 
lemniscus, which lies near the middle line and dorsal to the pyramid The 
debfifsatjfin is called the decussation of the medial lemmsci Some fibres 
from the nuclei pass via the external arcuate fibres and the restiform bodies 
(inferior peducles) to the palseocerebellum (Fig S83A and p 606) 

The medial le mnis cus at this stage is only conveying the impulses carried 
m the dorsal columns, i e those from receptors m muscles and tendons 
(deep sensibility) and from. t ouch receptors m.skm 
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the vagus (from the air-passages), the dorsal nuclei of the ninth and seventh 
nerves ( taste fibres) (for details see p 581) and perhaps from the vestibular 
division of the eighth nerve (from the labyrinth) (p 597) 

In the midbrain the medial lemniscus hes m the tegment um dorsal to 
the substantia nigra and close to the middle line , it passes through the sub- 
thalamic region to end in the thalamus (Fig 355A) 

The Thalamus 1 (Fig 356) — The mam nuclei and connections of the 
thalamus are set out below in summary form 
1 Antekior Nucleus (Fig 356, 1, A) 


(l) Receives the mammillo-thalamic tract which relays fibres that arise 
in the hippocampus and travel via the fornix to the mammillary 
bodies (cf p 582) . 

(u) Sends fibres to the cingular gyrus (area 24) and the paracentral 
lobule 



Fig 355a — Ascending Tracts to Thalamus and Sensory 
Cortex (See legend to Fig 356 ) 


2 Medial (Dorso- 
medial) Nucleus (and 
related “ intralaminar ” 
nuclei) (Fig 356, 1, M, 
2, DM, 3, DM, CM) 

( 1 ) Receives and 
sends fibres to the 
hypothalamus (Fig 428) 
(n) Sends fibres to 
most regions of the frontal 
lobes (p 669) 

As explained on p 670 
rich to-and-fro fibre con- 
nections link up the anterior 
and medial thalamic nuclei 
with the hypothalamus and 
the prefontal lobes, and so 
convert these grey masses 
into an integrated function- 


ing entity 

In addition these two thalamic nuclei establish to-and-fro connections 


with most areas of the cerebral cortex and thus subserve the “ restmg ” 
electroencephalogram (p 617 , Fig 357) The suppressor bands m the cerebral 
cortex send fibres via the caudate nucleus to the thalamus to block this 


“ closed cortico-thalamic circmt ” and so suppress the cortical “ resting ” 
potentials (p 620) 

3 Lateral Nucleus — This is essentially a relay station, linking skm, 
muscle, taste receptors and efferent fibres from the cerebellum with the post- 
central and precentral cortex 

(1) Lateral part (l) dorsal (Fig 356, 2, 3, DL) , (n) posterior (Fig 356, 

3, PL) , these send fibres to the parietal lobule 

(2) Ventral 'part 

(i) Anterior (Fig 356, 1 , A V) sends fibres to the caudate nucleus 
and putamen 

(n) Lateral ( latero-ventral nucleus) (Fig 356, 2, LV) receives fibres 


1 Walter, Pnmate Thalamus, Chicago, 1938 
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from the opposite neocerebellum via the crossing superior 
cerebellar peduncle , relays the cerebellar impulses to the 
excitomotor areas 4 and 6 
(m) Posterior ( postero-ventral nucleus) 

(a) medial (Fig 356, 3, PMV) receives the fibres of the 
secondary neurones from the face (Y) and the taste receptors 
in the tongue (via IX and YII) , relays the impulses to the 



Fig 356 — Nuclei of Thalamus (Monkey) 
(after Ranson & Clark, Anatomy of 
Nervous System, Phila , 8th edn , 1947 ) 

The sections are in the frontal plane , 1, 2, 3 
are in that order from before backwards 

A, antenor thalamic nucleus 
AV, anterior ventral nucleus 
0, caudate nucleus 
CM, centrum medianum 

DL, dorsal lateral nucleus 

DM, dorsal medial nucleus 
GP, globus palkdus 

HM, medial habenular nucleus 

H, habenulopeduncular tract 

XC, internal capsule 

L V, lateral ventral nucleus 

M, nuclei of midline 

PL, posterior lateral nucleus 

PLV, posterolateral ventral nucleus 

PMV, posteromedial ventral nucleus 

RN, red nucleus 

SN, substantia nigra 

III, 3rd ventricle 


face area and the associated taste area in the inferior part 
of the postcentral cortex 

(6) lateral (Fig 365, 3, PLV) receives the fibres of the second- 
ary neurones from the arm and leg , relays the impulses to 
the middle and superior part of the postcentral cortex (arm 
and leg areas) 

4 Posterior Nucleus 

(1) Pulvmar sends fibres to the parietal “ association areas ” 

(2) Medial and lateral geniculate bodies receive the fibres of the 
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secondary visual and auditory neurones and relay the impulses to 
the visual and auditory areas of the cortex (pp 572, 575) 
Functions of the Thalamus — (1) The thalamus (medial nucleus), by 
virtue of its efferent connections with the hypothalamus is a reflex centre 
concerned with emotional exteriorization (for full discussion see p 664) 

(2) Because of its rich interconnections with the prefrontal lobes the 

thalamus is part of an integrated nervous 
complex subservmg personality ^ emotional 
affects 3 social behavi our ]p 670) ** ’ 

(3) The thalamusls concerned with the 
maintenance and control of t he resting 
electroencepfu^ogramff 617 7~~Eig 357) 

These mtimate thalamo-cortical inter- 
relationships make the anterior and medial 
nuclei of the thalamus (for most purposes) 
an integral, though anatomically displaced, 
part of the cerebral cortex itself 

(4) The interconnections of the thalamus 
and corpus striatum are shown m Fig 424, 
the relationship of the thalamus to the 
syndrome of choreoathetosis is considered on 

p 661 

(5) The latero-ventral nucleus relays 
cereieZfar ^impulses to the excrfcomotor areas 
Lesions of" this nucleus ~produce "signs of 
cerebellar disturbance m the opposite side 
of the body These co nsist of _ weakness 
and^ slowness of movement, ataxy_ during 
voluntary movement (cf p 610), diminished 
muscle tone The superficial reflexes and 
the plantar response are normal on the 
affected side of the body 

(6) The postero-ventral nucleus relays 
shin, muscle, and taste afferents to the 
postc entral c ortex Lesions of this nucleus 
produce striking sensory disturbances (see 
p 567) 

(7) RELATION OB' THE THALAMUS TO 
Conscious Sensation — The following 
observations are relevant to the discussion 

(l) Removal of the cerebral cortex on 
one side in the monkey or baboon produces on the opposite side of the body 
complete anaesthesia for a few days, subsequently limited recovery occurs 
Jf the other cerebral cortex is now removed this residual sensory activity 
remains unim paired, indicating that it is mediated by a subcortical level 

(n) In man, hemidecorticatipn produces severe sensory loss over the 
opposite trunk and limbs , all .for ms of sensation are lost except heavy touch 
and.p 1 ™ -pn ek_ which are recog nized . bujT imperfectly^ localized Over the 
opposite face the sensory disturbance is less* marke'd “touch and pm-pnck 
are readily recogmzed and to some extent localized There is evidence, 


L 



Fig 367 — Connections of Postero 
ventral Nucleus and Medial 
Nucleus of Thalamus 

L, A E= Afferent fibres from leg, arm 
and face whic relay In the brain 
stem and cross over to the opposite 
side m medial lemniscus to end in the 
postero ventral nucleus of thalamus 
(V L ) They relay there to pass to 
the leg, arm and face areas of the 
sensory cortex 

M^The medial thalamus, which is 
connected with the cortex by a 
‘ private thalamo cortical and 
corticothalamic pathway This to 
and fro path is the circuit which is 
responsible for the resting electro 
encephalogram 
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however, that the greater preservation of skin sensibility in the face is due 
to the fact that the skin of the head is represented in both hemispheres As 
some sensibility persists in the trunk and limbs after hemidecortication it 
seems hkely that in man subcortical neurones, probably in the thalamus, 
can mediate some form of “ vague ” sensation 

(m) Thalamic Syndrome — This clinical syndrome is due to occlusion of 
the artery which supplies (mainly) the portions of the lateral thalamic nucleus, 
which are the relay station for the arm, leg, and cerebellar afferents All the 
symptoms are found on the opposite side of the body and are as follows 

(a) Weakness, decreased muscle tone, and ataxy, due to injury to the 
cerebellar afferents (pp 608 et seq ) 

(b) Choreic and athetot ic movements (p 660), due perhaps to interference 
with the connections between the thalamus and the corpus striatum 

(c) The same kind of loss of the discriminative aspects of sensation as 



Fig 358 — Projection of Body Wall of Monkey on Sensory Cortex 
(Adrian, J Physiol , 1941, 100 ) 


occurs in lesions of the postcentral cortex The loss includes the sensation of 
hght touch, tactile localization and discrimination, intermediate grades of 
temperature and appreciation of small movements at joints (cf p 569) 
These results are readily understandable as the thalamic nucleus which 
relays to the cortex has been damaged The sensations which are retained are 
appreciation of gross movements and of hot and cold stimuli (which are 
poorly localized) 

{d) There are altered emotional affects Thus one of Head’s patients 
complained that his trousers produced such unpleasant feelings that he had 
to remove them Another patient found the singing of hymns and of “ God 
save the King ” quite intolerable Some stimuli, e g warmth applied to the 
skm, tickling, and erotic stimuli may produce greatly enhanced states of 
pleasure , on the other hand painful stimuli (e g pm-pnck) may produce 
intolerable anguish “ Spontaneous ” agonizing pam may develop without 
obvious cause 

There is no satisfactory explanation of these emotional disturbances 
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Head attributed them to the release of the anterior and medial thalamic 
nuclei from cortical inhibitory control , but the lesion does not usually 
involve corticothalamic fibres Alternatively it may be suggested that the 
anterior and medial nuclei are released from some other thalamic influence , 
as a result the grey “ complex ” consistmg of anterior and medial thalamus 
and frontal lobes, functions abnormally producmg the changed “ affects ” 
described 

Somatic Sensory Cortex 1 — The functions of that part of the parietal 
cortex which subserves conscious skm and muscle sensibility have been 
studied m a number of ways 

(1) Cortical Potentials in Animals — The points of immediate termin- 
ation of afferent impulses m the sensory areas (receiving areas, “ arrival 
platforms ”) of the cortex can easily be mapped out by electrical means 
The cortex is exposed in an anaesthetized animal , stimulation of skm or 
muscle sets up a burst of action potentials m a restricted region of the cortex 
which represents the arrival point of the impulses The map thus determined 
when the body wall (skm and muscles) is stimulated in the monkey is shown 
in Pig 358 The receiving area in all species is mainly concerned with those 



Fia 369 — Representation of Different Regions of Body Wall on Sensory Cortex in Rabbit 
The "face" area represents the lips and vibrissa exclusively (Adrian, J Physiol , 1941, 100 ) 


parts of the body which are mostly closely related to the outside world , thus 
in the cat there is a large area for the claws, m the rabbit for the mouth region 
(Fig 359), in the dog for the face, and m the monkey for the hands and face 
The im pulse patterns set up by the peripheral receptors become modified 
as they pass through the various relays m the central nervous system as a 
result of central summation, irradiation, and after-discharge , the patterns 
arriving in the sensory area thus differ significantly from those set up by the 
sensory endings Strangely enough, no cortical responses have yet been 
detected m the animal species examined, following the apphcation of tempera- 
ture or painful stimuli 

(2) Anatomical Studies • — Such studies in man show that the fibres of 
the medial lemniscus are topographically projected 2 on to the postcentral 
(ascending parietal) gyrus The postcentral gyrus has the typical granular 
structure which characterizes the sensory cortical areas (Fig 388 , p 615) 
Fibres from other parts of the thalamus (dorsal-lateral, posterior-lateral 
nuclei and pulvmar which receive no incoming sensory fibres) project to the 


1 Bard, Harvey Lectures, 1937-38, 33, 143 Bard et al , J ohns Hophins Hosp Bull 

1942, 70, 399 , 

2 Topographical projection this means that each small group of arriving fibres 
makes connection with a limited group of oells found m a specific cortical area 
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parietal lobe behind the postcentral gyrus This latter region therefore receives 
what has been called evasively the “ integrated product of thalamic activity ” 

(3) Electrical Stimulation in Man — Electrical stimulation of the 
exposed surface of the postcentral gyrus m a conscious man leads to hallucina- 
tions of tactile stimulation, feehngs of numbness or tingling or a sense of 
movement or pressure ‘which are referred to the opposite side of the body , 
but there is never any complaint of pain Irritation ansmg from disease 
produces similar symptoms Stronger electrical stimulation may set up 
movements owing to impulses passing forward to the motor areas A high 
degree of topographical representation of the different parts of the body can 
be demonstrated by electrical methods in the postcentral gyrus in man 
corresponding roughly to the motor localization in the precentral cortex 
(cf p 635), though more overlapping takes place. 

(4) Clinical Evidence — The postcen tral, gyrus, which directly receives 
the afferent paths, is presumably mainly co'ncerned with mediating the 
elementary sensations of touch, pressure, heat, cold The more posterior 
part of the parietal lobe (superior parietal lobule, part of the supramarginal 
and angular gyri) is thought to be associated with the more elaborate processes 
of discriminating between stimuli and the recognition of common objects placed 
in the hand ( stereognosis ) without looking at them Study of patients with 
disease or injury to the parietal lobe shows that the parietal cortex is con- 
cerned with the following aspects of sensation 

(l) Differences in the relative intensity of different Btimuli heat is not 
merely distinguished from cold, but warm objects are distinguished from 
warmer, cold from colder, rough from rougher, and so forth 

(u) Recognition of spatial relationships (a) Tactile localization the 
precise point stimulated is accurately located (6) Tactile ( two-point ) 
discrimination two points of a compass placed close together are recognized 
as two and not as one (c) The extent and direction of small joint displace- 
ments can be estimated accurately Thus the relations of a stimulus m one, 
two, or three dimensional space are clearly defined 

(m) Appreciation of similarity and difference m external objects brought m 
contact with the surface of the body (without the aid of visual impressions) 
differences and similarity of size, weight, form, and texture are thus recogmzed 

(iv) Stereognosis this is the most elaborate function subserved by the 
parietal cortex It necessitates perfect reception of the impulses set up by the 
stimuh from the object The sensations produced are “ synthesized ” in the 
cortex and compared with previous similar sensory “ memories ” 1 We thus 
recognize an object as a half-crown and distinguish it from a penny piece by 
the presence of the milled edge (for which we deliberately feel) 

It should be emphasized that the forms of sensation enumerated in 
paragraphs (i)-(iv) above are lost or impaired in lesions of the parietal lobe. 
(As explained on p 581 the face area of the postcentral gyrus is closely 
associated with the taste area ) 

As gross forms of anaesthesia are rare m clinical lesions of the sensory cortex 
casual examination of the sensory nervous system may reveal no abnor- 
mality The patient must always be tested for stereognosis (which is almost 
constantly defective) and in the other ways indicated above Prolonged exam- 
ination at one time must be avoided, as the sensory cortex fatigues readily 
1 The words m inverted commas are, physiologically, meaningless 
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As explained on p 566, hemidecortication produces more grave sensory 
loss , the residual sensibility m sucb cases is due partly to activity of tbe 
sensory cortex on tbe opposite side and partly to activity of tbe thalamus 
itself 

Motor Changes m Lesions of Sensory Cortex — In lesions of tbe sensory 
cortex tbe patient’s complaint is commonly of clumsiness (ataxy) and “ use- 
lessness ” of tbe affected side (which is on tbe side opposite to that of tbe 
diseased cortex) This finding again emphasises tbe overwhelming importance 
of proper afferent guidance of the motor areas of tbe bram 

General Discussion of Relation of Stimulus to Sensation — (1) Pro- 
jection and Localization — Activity of tbe sensory cortex (whether set 
up naturally or artificially) is not experienced in consciousness as an event 
occurring in tbe bead but as an event at tbe periphery , this projection of tbe 
sensation varies with tbe receptors mvolved Thus impulses from tbe body 
wall give rise to sensations projected to skin or muscle , from tbe labyrinth — 
to tbe bead and neck , from certain viscera — somewhat vaguely to tbe interior 
of tbe body , from tbe distance receptors (eyes, ears) — to external space 
whence tbe st im uli originated (thus we project retinal impulses set up by a 
man seated in an armchair to tbe place where be is and not to our own eyes , 
we project a sound to tbe orchestra whence it came, and not to our own ears) 
A special aspect of projection is localization of stimub apphed e g to skm or 
muscle Locabzation depends primarily on regular anatomical connections 
between tbe receptive field (e g skm) and tbe receiving area of tbe cortex, 
i e on topographical (so-called “ point-to-point ”) projection of tbe peripheral 
field on to tbe receiving cortical area Tbe electrical evidence mentioned on 
p 568 supports this view For highly accurate locabzation, a prerequisite 
is that min ute areas of tbe sensory surface should connect with “ private ” 
groups of cortical cells , this is tbe case with tbe skm of tbe fingers On tbe 
back, however, large skm areas are projected on to a small cortical zone , 
precision of locabzation is correspondingly poorer Tbe term “ pomt-to- 
point ” connection must not be understood too kterally An area of 1 sq mm 
of h uma n skm may contam ten groups of two or three touch corpuscles 
suppbed by nerve fibres which enter several dorsal root filaments or even two 
separate roots Consider further, that tbe touch fibres have a dual central 
path (dorsal col umns and spinothalamic tract) and that at each relay each 
afferent fibre estabbsbes multiple potential connections It follows that any 
“ spot ” on tbe skm probably activates not a cortical spot but a zone tbe 
central region of tbe zone is stimulated maximally, tbe more peripheral 
parts feebly , tbe cortical response to a punctate stimulus is thus a character- 
istically patterned locabzed area of activity, which m some unkn own way 
gets attached to it spatial properties with respect to tbe sensory surface 
When a more extensive skm surface is stimulated, multiple cortical areas are 
activated (For referred pain see p 756) 

(2) Intensity of tbe sensation is related to tbe frequency of tbe afferent 
impulses (p 551) 

(3) Quality (Modality) of the Sensation — This seems to depend on 
unknown special properties of tbe region of tbe cortex activated No matter 
bow a sensory cortical “ centre ” is stirred up to activity— whether by natural 
stimulation of tbe appropriate nerve endings, or by artificial stimulation of 
tbe afferent nerve tr unks , or of tbe cortical substance itself— tbe response 
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always lias tlie distinctive and specific quality This statement must not, 
however, be taken too literally , the effects m consciousness of artificial 
stimulation of a sensory cortical area resemble, of course, only vaguely the 
results of normal stimulation by impulse streams from the normal afferent 
channels, yet the same quality of sensation is aroused 

(4) Outstanding Problems of Pain Sensation — (1) There is little 
evidence that tlie parietal cortex mediates pam sensation The pam afferents 
undoubtedly pass up as far as the thalamus , lesions below the level of the 
thalamus may abolish pam sensibility It seems not improbable that the 
complex mass “ prefrontal cortex — thalamus ” is responsible both for 
recognition of pam and the associated emotional “ affect ” Supporting 
evidence is as follows (a) lesions of the thalamus may lead to “ central pam ” 



Fig 360 — Diagram of Auditory Path 

CK = Cochlear Nerve, V N =Vestibular nerve, DorsN =D«rsal 
cochlear nucleus , Vent N =Ventral cochlear nucleus , M Str — 

- Medullary stria! , S 0 = Superior olive , T N = Trapezoid nucleus , 

Trap = Trapezium , LatL=Lateral lemniscus, I P = Inferior 
peduncle (Restiform Body) , D=Deiters nucleus 

and greatly exaggerated pam affects (cf thalamic syndrome p 567) , ( b ) in 
cases of visceral disease with intractable pam which has not responded to any 
form of drug treatment, prefrontal leucotomy may greatly decrease the 
affect ” (“ feeling ” of pam) , the patient recognizes the existence of pam 
but it has ceased to worry him or dominate his whole outlook 

(n) Any proffered explanation of the accurate localization of many forms 
of painful skin stimulation has to dispose of the following difficulties (a) 
because of the wide interconnections of the nerve nets m the skin subserving 
pam any punctate skin stimulus must feed back mto multiple afferent 
channels , (6) the thalamus can only mediate vague and inaccurate localiza- 
tion , (c) the skin is not topographically projected on to the prefrontal cortex 
It will be remembered, however, that many specialized receptors have an 
associated accessory “ pam ” fibre , thus, vigorous scratching would stimulate 
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first touch, and light-pressure receptors and then the associated pam receptors 
The stimulus to touch and light-pressure receptors is accurately localized , 
this localization may then be “ appended ” to the associated pam sensation 
and to the “ affect ” 

The Auditory Path —The cell bodies of the cochlear division of the 
auditory nerve are in the spiral ganglion of the cochlea 1 in the internal ear , 
the peripheral axons pass to (or more precisely arise between) the hair cells 
of the organ of Corti , the central axons pass to the medulla dorsal to the 
restiform body Here they end in two nuclei the ventral cochlear nucleus, 
between the two divisions of the nerve, and the dorsal cochlear nucleus, 
which lies on the dorsolateral aspect of the restiform body From these 
cell stations a fresh relay of fibres arises (Figs 360, 441-443) 

(1) From the ventral nucleus a band of transversely running fibres, the 
trapezium, arises, which mainly crosses to the opposite side about midway 
between the ventral and dorsal aspects of the pons , collaterals are given to 
the superior ohve and the trapezoid nucleus which connect up with motor 
cranial nuclei (especially VI) supplying the muscles of the eyes, head and neck 2 

(2) From the dorsal nucleus the medullary stnce 3 arise, which mainly 
cross the midhne in the floor of the fourth ventricle and then turn sharply 
ventrally in the reticular formation to join the trapezium 4 The united fibres 
then turn upwards as the lateral lemniscus 

As indicated, the decussation of the auditory fibres is partial, like that 
of the optic nerve fibres ( q v ) Some of the fibres of the trapezium and the 
medullary striae pass up the lateral lemniscus of their own side 

In the midbram the lateral lemniscus turns sharply dorsally to end in 
the medial geniculate bodies , the two medial gemculates are united by fibres 
running through the optic chiasma, forming van Gudden’s commissure 
Collaterals are given to the inferior colliculi which serve as a centre for reflexes 
in response to sound 

From the medial gemculates a fresh relay of fibres arises, which passes as 
the auditory radiation behind the posterior limb of the internal capsule to 
end m the auditory centre in the temporal lobe, mamly m Heschl’s gyrus 
(anterior transverse temporal gyrus) which is buried m the fissure of Sylvius, 
and also in the superior temporal gyrus Stimulation of this region m a con- 
scious man leads to auditory hallucinations, e g buzzing, booming, or clicking 
noises , animals so treated will prick up their ears It should be emphasized 
that fibres from one cochlea ultimately reach the auditory cortex on both sides 

Round the primary auditory centre there is beheved to be an auditory- 
psychic centre which subserves the appreciation of the nature of auditory 
stimuli Thus, in the course of time, when we hear the sound of a whistle 
we associate it at once m our mmd with a policeman, or a tram moving out 
of a station, etc When the significance of common sounds can no longer be 
appreciated, a condition of auditory agnosia is said to exist In the first and 
second [superior and middle] temporal convolutions on the left side is an 
area in which the sounds employed in speech are “ understood ” , this 
constitutes the auditory speech centre (p 653) 

1 Cochlea=snail shell, or a spiral staircase, as in the Hippodrome at Byzantium 

* There is evidence that all the cochlear fibres relay m the superior ohve and trapezoid 
nucleus , this would make the lateral lemniscuB a tertiary auditory neurone 

3 Or Strice acousticce 4 Or trapezoid body 
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Mechanism of Hearing — (1) Conduction of Sound Waves in Ear — 
Sound waves pass down the external auditory meatus and impinge on the 
drum which, being aperiodic, reproduces faithfully the frequency of the 
stimulating tone The ossicles of the middle ear in their turn accurately 
transmit the frequency of the vibrations of the drum to the footpiece of the 
stapes which fits into the foramen ovale Th e fluid (perilymph and endolymph) 
m the scalce of the internal ear in its turn vibrates with the same frequency 
Owing to the anatomical arrangement of the ossicular system the energy 
of the vibration of the drum is transmitted to the fluid m the scalse with 
a tenfold increase m intensity , the mtensity of the vibrations of the fluid 
is directly proportional to the amplitude (loudness) of the tone The frequency 
and energy of the vibrations of the perilymph and endolymph are transmitted 
to the fibres of the basilar membrane ( auditory strings) on which rests the 
organ of Corti, innervated by nerve filaments from the cochlear division 

(2) Stimulation oe Organ of Corti — The fibres of the basilar membrane 
number 24,000 in man , they are shortest at the base of the cochlea and 
largest at the apex The range of fibre length is between 64—128/1 and 352- 
480/t These fibres act as resonators , fibres of one (or closely related) length 
respond specifically to vibrations of a certain (probably narrow) range of 
frequency The longest fibres respond to the lowest frequencies (lowest tones), 
the shortest fibreS~torthe'fe5r^esrfrequencies (highes t ton es) The vibrations of 
any section of the basilar membrane set up movements m the superjacent 
part of the organ of Corti , these movements serve, it is thought, as the 
specific stimulus to the local nerve filaments of the cochlear nerve All the 
disturbances in the ear discussed so far are mechanical m nature, reproducing 
faithfully as stated the wave frequency and wave form of the original tone , 
the final result, however, in the organ of Corti is the generation of nerve 
impulses The nerve terminals here display the same general properties as 
receptors elsewhere (cf p 549) 

(l) Analysts of Pitch — The pitch (i e the frequency) of the tone deter- 
mines (as explained) which group of fibres of the basilar membrane responds 
and consequently the locality m the cochlea of the nerve terminals that 
are stimulated Direct study of the action potentials in single or small 
groups of fibres in the cochlear nerve reveals no difference m the form of the 
potential changes m different fibres of the nerve , the cochlear action 
potentials furthermore are indistinguishable from those recorded from other 
afferent nerves Direct experiment also proves that individual tones stim- 
ulate specific small groups of cochlear fibres, depending on the frequency 
of the tone , thus high tones generate impulses m the nerve fibres from the 
basal region, low tones m the fibres from the apex of the cochlea Conversely, 
minute lesions of the organ of Corti result m loss of action potential changes 
m the (whole) cochlear nerve in response to specific tones Thus a lesion 
(in the cat) 2 mm from the basal end of the cochlea resulted in a maximal 
loss of response to tones of 8200 cycles , a lesion 14 5 mm away caused a 
maximal loss to tones of 256 cycles , m this species about 2 5 mm of cochlea 
are alloted to each octave When a larger cochlear area is damaged, the tone 
loss is correspondingly more extensive 1 

(n) Analysis of Loudness ( Intensity ) — Th e frequency of the cochlear nerve 

/Ados and F elder, J Neurophyeiol , 1942, 5, 49 , Galambos and Davis, t bid , 1943, 
o» 39 
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impulses bears no relationship whatsoever to the frequency of the s tim ulating 
sound waves It may be emphasized that the same lack of relationship 
obtains between the frequency of hght waves impinging on the retma and 
the impulse frequency in the optic nerve, or between the frequency of heat 
waves falling on the skin and the impulse frequency in the corresponding 
cutaneous nerves In the cochlear fibres, as in all the receptors so far 
examined, the impulse frequency vanes directly with the strength of the 
stimulus, i e the loudness of the sound, and is thus related to the amplitude 
of the stimulating sound waves and the resulting force of movement of the 
basilar membrane A weak tone sets up a low impulse frequency, a loud tone 
a high frequency The nerve endmgs show little adaptation (cf p 550), i e 
the impulse frequency is not diminished when the stimulus is maintained 
(3) Auditory Centres — The nerve impulses thus set up in the cochlea 
pass through the relay stations enumerated above (p 572) to reach the cerebral 
cortex The auditory centre, i e the receiving area for cochlear nerve impulses, 
can be readily mapped out experimentally by recording the brief action 
potentials which are set up in the cerebral cortex in response to sound stimuli 
(the same method is employed for mapping out the somatic sensory cortex 
(p 568) In the monkey the centre thus delineated hes in a portion of the 
superior face of the superior temporal gyrus m the angle between the posterior 
and medial borders of the gyrus As might be expected (cf visual pathway, 
p 576) there is an accurate topographical (pomt-to-pomt) representation 
of the cochlea first in the medial geniculate body and secondly in the auditory 
cortex In the cat, for example, the basal end of the cochlea is projected 
on to the anterior end, and the apex, on the posterior end of the auditory 
centre, and intermediate cochlear regions intermediately on the centre 
The central representation of each cochlea is bilateral Corresponding points 
from the two cochleae (i e those responding to the same tones) are projected 
on to the same spot in each auditory centre and give equivalent responses 
The fundamental mystery about the auditory centre is the same as that 
for all the cortical sensory areas, namely, how is it that activity of nerve cells 
m this region is associated with the conscious sensation of sound, and how 
is it that the activity of special clumps of “ auditory ” cells gives rise to con- 
scious sensations of different sorts of sounds % There is no answer as yet to 
these queries 

Clinical Lesions of Auditory Pathway — Ablation (or more partial 
lesions) of one temporal lobe m man does not cause complete deafness but 
affects the acuity of hearing, localization of sound, and auditory memories 
as explamed, fibres from corresponding points on the cochlea end in the 
temporal lobe on both sides Deafness from a lesion of the brain stem is rare, 
and can only occur when a lesion of the central part of the pons destroys the 
trapezium or involves both lateral lemmsci 

It should be mentioned for completeness that the labyrinthine fibres 
probably also terminate m the temporal lobe 

The Visual Path — The visual fibres arise in the layer of nerve cells 
in the retina and pass backwards along the optic nerve to the optic chiasma 
Partial decussation takes place , the fibres from the nasal sides of the 
retinae cross, and those from the temporal side of the retime remam uncrossed 
The left optic tract therefore conveys fibres from the left halves of both retinae 
Each half of the retma receives hght rays from the opposite half of the field 
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of vision The left optic tract corresponds, therefore, to the right or opposite 
half of the field of vision The fibres from the macula lutea (yellow spot), 
or region of most precise vision, behave in exactly the same way The fibres 
from the nasal sides of both 

maculae cross, and those from Cortex 

the temporal sides remain 
uncrossed (Fig 361) 

The optic tracts thus con- 
stituted wind round the outer 
side of the crura cerebri and 
end in two mam areas 

( 1 ) The superior colliculi (or 
m the near-by pretectal area), 
which are not concerned with 
conscious vision but serve as 
a centre for visual reflexes ( e g 
the hght reflex, p 578) Stimu- 
lation of the superior colliculi 
usually causes the eyes to move 
to the opposite side accompanied 
by turning of the head m the 
same direction, elevation of the 
eyebrows, opening of the 
palpebral fissures, and changes 
in pupil diameter (constriction 
or dilatation) 

(n) In the lateral geniculate 
body, from which a fresh relay 
arises which passes back in the 
optic radiation to the occipital 
cortex The fibres pass through 
the mternal capsule behind those 
for “ common sensation,” and 
then pass deep m the substance 
of the temporal lobe round the 
outer surface of the lateral 
ventricle to reach the “ half-vision 
centre ” in the occipital lobe , 
m man this centre is situated in 
the cuneus and lingual gyrus 
above and below the calcarme 
fissure on the medial aspect 
of the lobe (area 17) (Fig 365) 

The “ half-centre ” is so called 
because, like the optic tract, 
each occipital centre represents 
the opposite half of the field of vision 

Central Projection of Visual Fibres 1 — About one-third of the fibres 
m the optic tract are derived from the maculae, and a s imil ar proportion 
1 Le Gros Clark, Physiol Rev , 1942, 22, 205 



Fig 361 — Diagram of Visual Path 

Mac =Macula , 0 N = Optic nerve , Op Ch =Optic 
chiasma , Op Tr = Optic tract, N III ---Nucleus 
of third nerve , III = Issuing fibres of thud 
nerve , It N = lied nucleus , SC— Superior 
colliculi , Coll Xuc F =Colliculo nuclear fibres , 
M G = Medial geniculate body , L G = Lateral 
geniculate body , Cort N =Cortico nuclear fibres 
(from frontal lobes to third nerve nucleus) For 
significance of numbers 1-6, see text, p 580 
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of the surface of the lateral geniculate bodies is devoted to their reception 
(Fig 362) Both anatomical and electrical studies (cf p 568) have shown 
that there is an orderly point-to-point (topographical) projection of the 
retina, firstly m the lateral geniculate body, and secondly m the occipital 
cortex 1 

Lateral Geniculate Bodies — The projection of the retinas on these 
bodies is shown in Big 362b , the large area allotted to the maculae is well 
demonstrated The grey matter of the lateral geniculate bodies shows six 




Fig 362a — Cross Section of Optic Nerve showing position of Degenerating Fibres 

Left , After lesion of macula Bight , After lesion of upper half and lower 
half of peripheral retina respectively Degenerating fibres shown dotted 


distinct layers, numbered 1 to 6 (Big 363) The fibres from the retma of the 
contralateral side end m layers 1, 4, and 6 , the fibres from equivalent spots 
on the ipsilateral retma end in the same region but m layers 2, 3, 5 There is 
thus a fusion of eqmvalent spots in the lateral geniculate whence fibres pass 
to the cortex (Big 364) Big 363 shows that after enucleation of one eye m 
man, layers 2, 3, and 5, m the lateral geniculate body of the same side show 
transneuronal degeneration, while layers 1, 4, and 6 remain intact 

Cortical Representation — In man the peripheral part of the retina 



Fig 362b — Projection of Retinal Fibres on Lateral Gemcnlate Body 

Sections through lateral geniculate body showing the relative position of the 
projections from the macula (white), upper peripheral retina (black), and 
lower peripheral retina (hatched) , sample sections (After Brouwer and 
Zeoman, Brain, 1926 , Fulton, Physiology of Nervous System, N Y ) 


is represented well forward on the medial surface of the occipital lobe above 
and below the calcarine fissure The macula has a very much larger central 
representation and occupies mainly the posterior part of the medial surface 

1 This can be demonstrated by taking advantage of the occurrence of “ transneuronal 
degeneration ” (p 498) If a spot on the retma is destroyed experimentally in an animal 
localized degeneration takes place in the optic nerve and tract and in a perfectly specific 
region of the lateral geniculate body The retma can thus be mapped out on the lateral 
geniculate body Localized injuries of the visual cortex lead to a retrograde degeneration 
in the nerve cells of the lateral geniculate body , the visual cortex can thus be topographi 
cally projected on to the lateral geniculate body By comparing the results m the two 
series of experiments the retma may be accurately projected on to the visual cortex 
(See Brouwer, Res Publ Assoc nerv merit Die , 1934, 13, 634 ) 
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(though there is also a forward running tongue). In man the macular 

representation stops at the occipital pole (Fig 365) 

P Each occipital half- vision centre (e g the left) represents the homolateral 
fin this case the left) halves of the two retinae and therefore (as stated) the 
opposite (right) halves of the field of vision Furthermore, above the calcarme 
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Fig 3G3 — Layers of Grey Matter of Lateral Geniculate Body in Man 

Abo\e Diagram of si\ layers of grey matter Crossed retinal fibres end m stippled 
lamina) (1, 4, G), and uncrossed fibres in the clear lamin® (2, 3, 5) 

Below Section tlirougli grej matter of lateral geniculate after enucleation of the 
eye on the same side Note atrophy of cell lamin® 2, 3, and 5 (Le Gros Clark, 

Trans Ophthal Soc , 1942, 62, 231 , Bril J Ophthal , 1932, 56 ) 

fissure (cuneus), the upper halves of the retinae (lower halves of the field of 
vision) are represented , below the calcarine fissure (lmgual gyrus), the lower 
halves of the retinae (upper halves of the field of vision) are represented 1 
Both the region of the occipital lobe which surrounds the visual receptive 
area ( e g area 18) and the posterior parietal region are beheved to function 
1 Holmes and Lister, Brain, 1916, 39, 34 
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as a visuopsychic area Activity in tins region enables tbe nature of objects 
seen to be recognized, eg a pencil, paper, or ball is recognized as sucb 1 
Reference is made on p 669 to tbe fact that fibres from tbe frontal eyefield 

(area 8) pass back to 
area 18, and that tbe latter 
connects with tbe temporal 
cortex It should also be 
emphasized that area 19 
(anterior to area 18 on 
the lateral surface) is one 
of tbe suppressor bands 
(p 620) Responses similar 
to those resulting from 
stimulating tbe frontal eye- 
fields can be obtamed on 
stimulating tbe occipital 
eyefields (in areas 17 and 
18) (p 637) 

The Light Reflex — 
Tbe nervous arc employed 
by the hght reflex is 
probably as follows The 
afferent fibres enter tbe 
superior colhcuh or tbe 
adjacent pretectal region 
from tbe optic tracts 
Here a new relay arises — 
tbe colhculo-nuelear fibres, 
which crosB both m front 
and behind the aqueductus 
Sylvii to reach tbe most 
anterior part of tbe third 
nerve nucleus These fibres 
are probably mingled with 
tbe tectospinal tract, which 
is destined to end m tbe 
spinal cord As tbe fibres 
from each retina reach both optic tracts and both superior colhcuh, it is 
found that shining hght on one eye causes constriction of both pupils 



Fig 364 — Mode of Termination of Fibres of Optic 
Tract in Sis Layers of Lateral Geniculate Body 
and further Course to Visual Cortes (After Le 
Gros Clark, J Anal , 1941, 75, 232 ) 

Continuous Unes=crossed fibres , interrupted llnes=uncrossed 
fibres 


1 Le Gros Clark has suggested that the layered arrangement of the lateral geniculate 
is related to colour vision The Helmholtz theory of colour vision enunciated in terms of 
modern sense physiology supposes that each of the three primary colours, red, green, and 
violet, stimulates a specific receptor in the retina (presumably a specific type of cone) 
Each cone connects up with a ganglion cell and thence with an optic nerve fibre Clark 
suggests that all the cones from one eye concerned with one colour end m one of the layers 
of the lateral gemculate , thus the cones for red might end m layer 2 from the ipsilateral 
eye , those from the contralateral eye would end m layer 1 The new relay from layers 1 
and 2 would end m one cortical point (Fig 355) Activity of what may be crudely called 
the red, green, or violet pathways alone would arouse a sensation of that colour alone 
Activity of the three sets of pathways combined suitably would arouse all other colours 
The Bensation of white light would depend on the simultaneous and equal activation of all 
three colour pathways 
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( consensual light reflex) The fibres of the third nerve relay m the ciliary 
ganglion and pass m the short ciliary nerveB to the eye 

Convergence-Accommodation Reaction — During accommodation for 
near vision the ciliary muscle (on both aides) contracts, the suspensory 
ligament of the lens is relaxed, and the anterior surface of the lens becomes 
more convex At the same time, the eyes converge owing to contraction of 
both medial rectus muscles, and the pupils a re constricted Convergence- 
accommodation is to some extent a willed movement, as the object must be 
definitely looked at before it occurs It is suggested that visual impulses pass 
to the occipital cortex and are relayed to the frontal lobes Fibres arise there 
which descend in the CORPUS 

anterior limb of the ^ f y-~~n/ CALLOSUM 

mternal capsule to / t , \ /y 

reach the medial part 
of the pes peduneuli 
These corticonuclear 
fibres then turn 
abruptly dorsally 
through the medial 
lemniscus to the 
opposite side, to end 
m the third nerve 
nucleus which 
supplies all three 
muscles mentioned 
(see Fig 361) 

Stimulation of 
area 19 m the occip- 
ital cortex leads 
to constriction of 
the pupil, the fibres 
concerned running 
first to the pretectal 
area , there is thus 
another pathway from 
the cerebral cortex 
that maybe employed 
m pupilloconstnctor 
reactions 

Argyll Robertson Pupil 1 — This term is applied to a condition m 
which the pupillary constriction in response to a light stimulus is absent 
or notably diminished, while the sphincter pupiUse still contracts during con- 
vergence-accommodation From the description given above, it is clear 
that the only part of the reflex pathway for pupillary constriction which is 
private ” to the light reflex and is not shared by the convergence-accom- 
modation reaction is the part of the optic tract which enters the superior 
colliouli, the superior colliculi themselves, and the colkculonuclear fibres (the 
afferent fibres subserving accommodation pass up to the cortex) , the oculo- 
motor nerve is the final common path for both reactions The Argyll Robertson 
1 Wilson, J Neurol Psychopathol , 1921, 2 1 
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Fig 365 — Localization of Visual Centres ra 
Occipital Lobe 

Medial surface of the bram m man The representation of 
the macula Is far greater than that of the peripheral part 
of the retina (After Brouwer and Van Ileuven Res 
Publ Assoc Res nerv mail JDis , 1934, 13 ) 
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pupil is often associated clinically with lesions in the vicinity of the aque- 
ductus Sylvn and the superior colliculi which would interrupt the “ private ” 
hght refl.es path As syphilis of the nervous system commonly affects this 
region, this sign is very frequently found m this disorder 

Effects of Injury to Visual Pathway — The following definitions may 
help us to understand the effects of the commoner lesions of the visual 
tracts [The numbers in brackets refer to Fig 361, p 575 ] 

Hemianopia bhndness of half the visual field from causes other than 
retinal This may be (i) Bitemporal or bmasal, i e loss of both temporal or 
both nasal fields of vision (n) Homonymous loss of the right or the left halves 
of both fields of vision (m) Quadrantic blindness of one quadrant only 
A lesion of the central part of the optic chiasma (2) (e g from pituitary 
tumours) where the fibres from the nasal side of both retinas cross, causes 



Left eye Right eye 

Fig 366 — Bitemporal Hemianopia 

Loss of both temporal halves of the visual fields in patient with pituitary tumour The outer dotted line 
indicates the normal extent of the field of vision , the inner thick continuous line shows the field of 
vision in the patient The shaded parts of the chart indicate the degree of visual loss (H Zondek, 
Kranlheiten der Endolnnen Drusen ) 

bitemporal hemianopia (Fig 366) A lesion of the outer margins of the chiasma 
(3, 3) may damage the fibres from the temporal sides of the retinas, and cause 
bmasal hemianopia Any lesion of the optic nerve, chiasma, or tracts up 
to the point where the fibres for the superior colliculi leave (1-4), produces 
loss of the hght reflex from the blind side of the retina A lesion of the 
lateral gemculate body, optic radiation (5), or occipital cortex produces loss 
of sight, but the hght reflex from the blind side of the retina is retained A 
lesion of the optic tracts (4), or their continuation to the cortex (5), causes 
homonymous hemianopia i e a lesion of the left tract or the left visual 
centre causes loss of the right halves of the field of vision in both eyes 

Incomplete lesions of the visual cortex lead to loss of colour vision , white 
objects are seen indistinctly, or sensation may be excited only by the more 
potent type of stimuh such as abruptly moving objects Lesions of the 
lateral surface of the brain (areas 18 or 19, i e in the posterior parietal 
region (Fig 430)), leave visual sensibility intact but cause disturbance of 
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higher visual functions, such as loss of visual orientation and localization in 
space, impaired perception of depth and distance, loss of visual attention and 
inability to recognize visually the nature of common everyday objects 

Taste—' Taste receptors (taste buds) are found mainly on the dorsal 
surface of the tongue but also on the palate, pharynx and tonsils Four kinds 
of primary tastes are recognized sweet, salt, sour and bitter What we call 
a taste is a combination of these primary tastes with various smells 

Course or Taste Fibres — (1) Posterior Third of Tongue — The afferent 
fibres travel in the glossopharyngeal nerve to the medulla 

(n) Anterior Two-thirds of Tongue — The afferents first travel in the 
lingual branch of V, then leavei n the chorda tympam , the taste fibres may 
then take one of two routes (a) continue m the chorda tympam to join the 
facial nerve and pass centrally in it to the geniculate ganglion (where the 
cell bodies are found), or (6) leave the chorda tympam to pass through the 
otic ganghon to join the great superficial petrosal nerve and pass m it to the 
geniculate ganglion 1 

From the geniculate ganghon the central axons pass m the nervus mter- 
medius (afferent and autonomic division of the facial nerve) to end in the 
pons m the dorsal nuclei of IX and VII , some descend m the related descend- 
ing tract ( tractus solitanus) to end in the adjacent nucleus of the tractus 
solitanus From this column of grey matter a new relay arises, the fibres 
crossmg to join the opposite medial lemmscuB and end m the thalamus close 
to the termination there of the afferent fibres of the face The third relay 
arises here and ends in the inferior part of the postcentral cortex m, or close to, 
the cortical area receiving the afferents from the face Changes m the 
electrocorticogram occur in this area when for example, quinine solutions 
are placed on the tongue 

It should be emphasized that “ common sensibility ” on the tongue, 
(touch, hot, cold, pain) is mediated by receptors the fibres of which pass m 
the Vth nerve (cell bodies m the semilunar ganghon) to end in the principal 
sensory nucleus of V and in its long descending nucleus From what has 
been said it is clear that all the afferents from the tongue, both of taste and 
common sensibility, pursue a closely associated course to the thalamus and 
cerebral cortex In man, locahzed lesions of the inferior postcentral region 
on one side may produce umlateral loss both of taste and of common sensibility 
on the opposite half of the tongue Hallucinations of taste have been produced 
m man by stimulation of the inferior postcentral area 

The older view that the taste fibres end m association with those of smell 
m the hippocampal region of the cerebral cortex is incorrect 

The sense of taste is not merely a luxury bestowed on us by Providence 
to enable us to enjoy a wider range of sensual experiences , it also has a 
limited protective value, causing some (but by no mea nsa^ \)harmful foods to 

1 According to Cushing, removal of the semilunar ganglion of the Vth nerve never 
causes any loss of taste over the posterior third of the tongue, but after the operation 
there is a transient loss of taste over the anterior two thirds This transient loss of taste 
is attributed to the post operative degeneration c n d swelling of the fibres of the lingual 
nerve (concerned with “ common sensibility ” m the tongue) which have their cell bodies 
in the semilunar ganglion The taste fibres which are earned as “passengers” m the 
lingual nerve are temporarily pressed on and their conductivity is impaired for a short 
furicti nerve atrophy, the fibres of taste recover and regain their 
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be rejected It is claimed that tbe sense of taste may guide animals to select 
what is good for them , adrenalectomized animals thus seek out salt, 
parathyroidectomized ammals calcium, avitammous animals the appropriate 
vitamin , this wise selective activity is abohshed by section of the taste nerves 
Richter, who records these observations, thinks that food deficiencies reduce 
the threshold of the taste buds to stimulation by the missing material li 
he is right, the taste buds might well replace some of our best equipped 
biochemical laboratories m the assay of the nutritive constituents of the 
foodstuffs 

Smell Path 1 — The olfactory mucosa lines the upper third of the nasal 
septum and the superior concha The bipolar sensory epithehal cells are both 
receptors and ganglion cells giving rise to non-medullated fibres which end 
m the grey matter of the olfactory bulb The axons of the cells of the bulb 
pass m the olfactory tract to end in (1) the opposite olfactory bulb , (n) the 
prepyriform area , (m) part of the amygdaloid complex and olfactory tubercle 
The more remote connections of these cortical areas are obscure , no direct 
connections are estabhshed with the hippocampus or the thalamus The 
pathway from the hippocampus to the anterior thalamic nuclei (via the 
fornix, mammillary bodies, and mammillothalamic tract of Vicq d’Azyr) is 
not related to olfaction 


MUSCLE TONE AND REGULATION OF POSTURE 2 

Muscle Tone — By tone in skeletal muscle is meant a state of reflex 
contraction which is concerned with maintaining position or posture The 
distribution and degree of this contraction among the various muscles of 
the body are related to the attitude adopted by the ammal and also to the 
extent to which the nervous system is intact Reflex tone depends mainly 
on afferent impulses coming from the sense organs' m the muscles themselves, 
and to a less extent on impulses from the eyes, vestibular apparatus, and skm 
The reflex arc employed is wholly somatic , autonomic nerves are not involved 
The two kinds of fibre which are known to exist in skeletal muscle — red fibres 
and pale fibres — are both employed as executive agents There is no essential 
difference in kind m the muscular activity which maintains posture and that 
which executes a movement Muscle tone is due to a low frequency asynchron- 
ous discharge from ventral horn cells producing a partial tetanus which is 
economical and can be long maintained Movement is due to a more rapid 
asynchronous discharge which gives rise to a more complete and powerful 
tetanus , such a tetanus is metabohcally more expensive to maintain, and 
therefore can only be kept up for a relatively short period 

To get some idea of the part played by different parts of the nervous 
system in the regulation of posture, it is necessary to study the subject m 
animals from which portions of the nervous system have been removed (so- 
called “ preparations ”) or in clinical cases with lesions of the nervous 
system 

Spinal Preparation — If the spinal cord m man (or primate or monkey) 

1 Brodal, Brain, 1947, 70, 179 Le Gros Clark et al , J Neurol Neurosurg Psychiat , 
1946, 9, 101 , Brain, 1947, 70, 304 

2 Sherrington, Brain, 1915, 38, 191 Fulton, Muscular Contraction and Reflex Control 
of Movement, London, 1926 , Physiology of Nervous System, 3rd edn , N Y , 1949 
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is transected, e g in the midthoracic region (Fig 367, A) there is an initial 
period of spinal shod , during this time, the distal part of the cord carries 
out no reflex activities Muscle tone is absent m the affected region and the 

muscles are utterly flaccid (cf p 690) 

After a time the isolated part of the cord resumes functioning as a rcilex 
centre Some degree of contraction returns slowly, and mainly in the flexor 
muscles of the lower limbs , 
the extensors, however, remain 
flabby In consequence of 
this unequal distribution of 
activity between the flexors 
and extensors, the lower limbs 
become placed m an attitude 
of flexion at the knee and 
physiological flexion (dorsi- 
flexion) at the ankle The 
degree of contraction of 
the muscles is, as a rule, 
insufficient to support the 
weight of the body against the 
infl uence of gravity (p 691) 

In some patients a greater 
degree of extensor activity de- 
velops as described on p 693 
It can he readily proved 
that this flexor position is 
reflexly mamtamed , if the 
appropriate dorsal nerve roots 
are severed (e g at 1, Fig 367), 
the muscles lose their tone 
completely 

. Decerebrate Prepara- 
tion — By decerebration is 
meant carrying out a complete 
trans-section through thehram 
stem As the classical studies 
on the decerebrate preparation 
were carried out on the cat, 
the description that follows 
is based primarily on findings 
m this species But it must be 
emphasizedthat as one ascends the animal scale through monkeys and primates, 
to man, there is an increase m the size of the cerebral hemispheres and m the 
degree of dommance which they exert over the lower levels of the nervous 
system , there are correspondingly considerable species differences m the effects 
of decerebration In the cat, if the brain stem is divided m the midbram between 
the superior and inferior colhcuh {mid-collicular transection) (Fig 367, C) 
decerebrate rigidity develops With the animal lying on its side the head 
is drawn back, the four hmbs are extended at knee and ankle, 1 the lower 
1 ‘ Physiological extension ” of the ankle is what the anatomists call “ plantar flexion ” 
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Fio 367 — Levels of Trans section to Produce 

Spinal Preparation and Decerebrate Rigidity 
(Cat) 

A trans section through the midthoracic (A) and mldcorvlcnl (B) 
cord respectively produces a spinnl preparation 
A section above Belters nucleus (D N ), In tho mldcolllcular 
region (C) produces decerebrate rigidity In the cat 
In tho case of the hind limb, section of dorsal nervo roots 
(at 1) abolishes muscle tone , in tho foro limb (of the 
decerebrate cat) tho vestibular nerve must be cut also 
(section at 2 and 3) to abolish muscle tone 
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jaw is held up, the back is arched and the tail is lifted up It is very difficult 
to alter passively the position assumed by the different parts of the body, 
hence the name rigidity Examination shows that many muscles are firmly 

contracted, such contraction (without move- 
ment, under so-called restmg conditions) has 
always been described as muscle tone by 
clinicians The decerebrate preparation thus 
displays muscle tone m a high degree, hyper- 
tonus m fact, but while the preparation is lying 
down on its side this muscular activity seems 
devoid of “purpose” or “meaning ” But if the 
decerebrate animal is raised on its legs, it is 
found that with a httle help the preparation 
stands, too stiffly and imperfectly, it is true 
(and it tends to topple over), but the distribution 
of muscular activity now does constitute a 
purposeful pattern The muscles, which are 
contracted are now seeiTto^luTthe antigravity 
muscles, ~fe' those which normally maintain the 
6rect position of the body and oppose the action 
of gravity (e g hmb and head extensors, jaw 
raisers) In the decerebrate preparation, the 
muscular hypertonus thus maintains a position or 
posture, i e that of “caricatured or exaggerated 
standing ” , the meaning or purpose of tone 
is thus revealed as a muscular contraction which 
maintains a position The position at any 
momentwill vary with the degree and distribution 
of the tone A detailed study of decerebrate 
rigidity gives a good deal of msight into the 
mechanisms responsible for muscle tone 

Reflex Arc of Decerebrate Rigidity — (1) 
The muscle tone producing the rigidity is reflex 
in origin , m the hind hmb, for example, the 
rigidity disappears on section of all the dorsal 
nerve roots The afferent impulses concerned 
do not come from the skin but from the muscles 
and tendons ( 1 ) removal of the skm over a hmb 
does not affect the rigidity, (u) if all the nerves 
to the hmb are cut except the nerve to 
quadriceps, tone m that muscle persists, this 
nerve contains, of course, the afferent fibres 
from the muscle as well as the efferent fibres to 
the muscle (m) If the dorsal nerve roots which 
receive the afferents from the quadriceps are 
cut, tone m the muscle disappears Tone m a 
muscle thus depends on afferent impulses from itself, i e tone is a proprioceptive 
reflex 

(2) The afferent impulses concerned are set up by the shght stretch to 
which the various antigravity muscles are subjected , if the stretching force 



Fig 368 - — Reflex Arcs respon 
sible for Decerebrate Rigid- 
ity (Cat) 
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Tr , reticulospinal tract 
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is removed by cutting off the quadriceps tendon from its attachment to the 
bone, tone disappears Muscle tone is thus due to a stretch reflex (p 588) 
Impulses set up by stretch stimulate the ventral horn cells to discharge to 
the muscles concerned 

(3) Decerebrate rigidity is a release phenomenon , the mid-collicular 
transection removes the cerebral hemispheres leaving only part of the bram 
stem and the spinal cord in control of the musculature It cuts off the 
descending tracts from the cerebral cortex (both pyramidal and extra- 
pyramidal tracts), from the diencephalon (globus palhdus, thalamus, hypo- 
thalamus) and from the red nucleus and reticular nuclei , as is explained on 
p 593 some of these tracts normally increase, others decrease muscle tone by 
their infl uence on the lower motor neurones The “ rump ” of lower nervous 
system which is released by decerebration from the modifying influence of 
the higher levels produces reflexly the abnormal pattern of tone which 
constitutes decerebrate rigidity 

(4) If the trans-section is carried out further back, the rigidity persists 
until the upper medulla is reached , when the vestibular nuclei are destroyed, 
the rigidity disappears and is replaced by tonelessness (flaccidity) 

(5) The complete reflex arc, e g for hind limb tone, is as follows (Fig 
368) Afferent fibres from the hind hmb muscles enter the lumbo-sacral 
dorsal nerve roots and pass directly to the motor neurones , collaterals 
also pass to short mternuncials m the ventral horn Ascending dorsal root 
fibres give collaterals to internuncial cells in higher segments of the cord which 
give rise to descending long propriospinal paths (that descend to the lumbo- 
sacral region) Still longer ascending fibres reach the medulla and pons 
and connect with the vestibular nuclei and the nuclei of the reticular forma- 
tion , from these cells, descending tracts arise, i e vestibulospinal from the 
vestibular nuclei, reticulospinal from the reticular grey matter The long 
propriospinal and the tracts from the bram stem descend to end round ventral 
horn cells and the adjacent mternuncials After a midthoracic spinal transec- 
tion, the stretch reflex set up in the hind hmb muscles operates solely through 
spinal centres and produces a weak contraction, mainly of flexor muscles , 
in the decerebrate preparation the basic spmal reflex is reinforced and modified 
by impulses that pass through the upper cord and bram stem and descend 
m the long propriospinal, vestibulospinal and reticulospinal paths This 
complex reflex arc, released from the influence of the higher levels, sets up 
decerebr ate rigidity 

(6) The decerebrate posture m man is shown m Fig 372 , a similar 
posture is seen m primates 

Motor Neurone Discharge in Decerebrate Rigidity — As explained 
on p 502 each motor nerve impulse produces a single muscle action potential 
The rate of discharge of an individual motor neurone can, therefore, be 
determmed simply by inserting a fine needle electrode mto the related motor 
unit (i e the clump of muscle fibres supphed by the motor neurone) and record- 
ing the muscle action potentials The motor neurone discharge rate m 
decerebrate rigidity is found to be low, i e 5—20 per sec Now mammahan 
muscle stimulated at this rate passes mto a state of partial tetanus (Fig 
300) , therefore if all the motor neurones were dischargmg synchronously 
at this rate, the muscles would be m a state of tremulous contraction and not 
maintaining a uniform tension as is actually the case It is concluded therefore 
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that in decerebrate rigidity the motor neurones are discharging asyn 
chronously , at any instant the motor units are contractmg out of phase 
and the algebraic sum of their activity is a steady pull (Pig 301) The degree 
of tone m any muscle depends on (i) the number of motor neurones m action 
and (n) their discharge frequency When fewer motor neurones discharge 
and at a lower frequency the resulting muscle tension decreases (hypotonus) , 
when more motor neurones discharge and at a higher frequency, increased 
muscle tone (hypertonus, spasticity, rigidity) results Still greater motor 
neurone discharge, further enhancing muscle tension, produces a movement 

When skeletal muscle is maintaining tone, it does not fatigue and has 
a relatively low metabolism The explanation is as follows The tension 
exerted by tome muscle is far smaller than that developed m the same muscle 
when it is stimulated at a high rate (e g 100 times per second) through its 
motor nerve to produce a simultaneous and, complete tetanus of all the muscle 
fibres Thus the quadriceps of the cat develops 6 kg of tension when 
maintaining tone and 30 kg when stimulated tetamcally As the work of 
tome muscle is relatively small, its oxygen consumption (metabolism) is 
similarly low Its unfatigability is due to the fact that it is possible to 
increase the blood flow to the tome muscle so as to supply it with its full 
nutritional requirements In the case of fully tetamzed muscle, fatigue 
rapidly develops as it is not possible for the circulation to cope with the great 
demands of the muscle 

Lengthening and Shortening Reactions — (i) If an attempt is made 
to bend the knee of a decerebrate animal, considerable resistance is en- 
countered The attempt increases the stretch of the muscle and so elicits 
a further reflex contraction But if one persists, the excessive stretch stimu- 
lates other, unidentified, receptors which reflexly inhibit the motor neurones , 
their discharge then ceases, the muscle fibres relax, and the limb can be placed 
in any desired position of flexion This is the lengthening reaction, so called 
because the muscle fibres have been reflexly lengthened 1 

(u) If, startmg from the new flexed position, the knee is extended again, 
it tends to stay in the new position , this is the shortening reaction The 
mechanism mvolved is probably as follows When the knee is passively 
extended and the limb support is withdrawn, the leg tends to droop by 
reason of its own weight , as a result a stretch reflex is set up and the additional 
tension of the muscle enables it to maintain the new posture 

The shortemng reaction is grafted on to many reflexes Thus, if the crossed 
extensor reflex (p 537) is produced m a de-afferented quadriceps recording 
isotonically, on cessation of the stimulus, the tension is maintained for a brief 
period (after-discharge), and then rapid relaxation occurs (Fig 369, d) If 
the afferents from the muscle are intact, when the stimulus ceases there is an 
initial slight decline from the maximum level , the tendency for the limb to 
fall sets up reflexly a shortemng reaction which results m the limb being 
maintained m its new position for a prolonged period (Fig 369, a) 

Types of Muscle Fibre Employed — In vertebrates no skeletal muscles 
are used exclusively m postures the same muscle is used at different times 
for movement or for posture In any complex movement some groups 

1 Sherrington has demonstrated the presence of inhibitory afferents m the nerves 
to the quadriceps , if one of the four branohes which supply the musole is cut and the 
central end stimulated, the rest of the muscle is inhibited 
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of muscles are executing the movement, while others are chiefly maintain- 
ing a posture Thus, in the scratch reflex of the dog, three of the limbs and 
the head and neck are kept m a characteristic posture, while the fourth limb 
carries out the scratching 

There are two mam lands of fibres m skeletal muscle ( 1 ) red fibres, 
rich m sarcoplasm, with poorly marked transverse stnations, and nuclei 
scattered through the substance of the fibre , the colour is due to the presence 
of inyoluBmoglobin (cf p 204) , (n) pale fibres, with well-marked cross 
stnations, scanty sarcoplasm, and nuclei limited to the under-surface of 
the sarcolemma In addition, numerous intermediate types of fibre are 
found They all have a similar motor innervation In man, most muscles 
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contain a mixture of both red and pale fibres, though the red predominate 
m some (e g soleus), and the pale m others (e g gastrocnemius) Probably 
the red fibres are better adapted for maintaining postures and the pale for 
executmg rapid movements The red fibres are more primitive m structure 
and function , they contract slowly after a longer latency, the duration of 
the contraction being three times that of the more quickly acting and more 
highly differentiated pale fibres Fibres of similar speed of contraction 
generally form a group which is sharply delimited from other groups , the 
deeper muscle “ heads ” are usually composed of the more slowly contracting 
red fibres These latter have a lower threshold to stretch than the pale fibres 
They probably come mto action first or alone when mild stretch is employed , 
but with greater stretch the pale fibres come mto operation too On the other 
hand, the faster acting pale fibres would be used first during movements 
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But it must be emphasized that both kinds of fibre may be employed under 
suitable circumstances m either movement or posture 

Stretch Reflexes 1 — These reflexes, which are of fundamental import- 
ance m the production of muscle tone, must now receive fuller attention 
The method of study is as follows In the decerebrate animal the quadriceps 
muscle is isolated from its attachment and fixed, by means of a steel hook 
m the patellar tendon, to a stiff spring, to which a light lever is attached , its 
movement is recorded photographically on a moving plate The record 
obtained is an isometric one, i e when the muscle contracts it is only permitted 
to shorten to a minimal degree , under these conditions the increase m tension 
(not the shortening) of the fibres is recorded The hind hmbs and pelvis are 
firmly fixed to a rigid table, which can be lowered to any degree and at any 
rate , the muscle can thus be subjected to carefully controlled stretch. 



Fig 370 — Stretch Reflexes Response of Intact and Paralysed Muscle to Stretch 
(Liddell and Sherrington, Proc roy Soc B , 1924 ) 

Ordinates Muscle tension in kg , and stretch of muBcle m mm 

Response of Knee Extensor Muscle — T= Stretch of 6 5 mm applied , M= Innervated Muscle , P=Para 
lysed muscle , I=Inlubitory afferent nerve stimulated, which abolishes the stretch reflex, and tension 
in M falls to level of P Myograph multiplies tendon movement 02 times 

Response oe Denervated Muscle — If a paralysed muscle (i e with the 
motor nerve cut) is stretched, a very small increase in tension results , the 
response obtained resembles that given by stretched mdiarubber (Fig 370, 

P) 

Response oe Innervated Muscle — If the nerve supply of the muscle is 
intact, stretch gives rise to a considerable increase m tension (Fig 370, M) 

( 1 ) The response is reflex in character as it is abolished by section of the 
dorsal nerve roots which carry the afferents from the muscle A stretch of 
several millim etres (i e less than 1 per cent of the initial length of the muscle) 
may produce a reflex contraction of 2 kg tension The reaction though most 
marked m the decerebrate preparation, is also obtainable m the thalamic 
and the intact animal 

(n) When the stretch is applied, rapid development of tension occurs 
1 Liddell and Sherrington Proa roy Soc B , 1925, 96, 212 , 97, 267 




3™“'= tte stretd „ &lBETCB REF LBXe 

T a ’ e ™h°f Sgue “ e l S tmI r steady «89 

fiSfej* sttSrl 8 °^.t k T ?• •* 

^efl es ca n b e J,^ ® Muscle direct ly obta ^ed a f tp Parents 

jSSfjSSS?? •■«®S?’Wr 

ff4» J — — 

Maintained co n t^\ not to the^'h^ tmtc] i- 

^‘L^X, 1 iaMofen - 

“«££,“ f> ?*& i2b“” 0 ' a ^ *Jv 

, ‘7 S 5*£K 

,e tie 

iS; ; «J? ? «• ^2** *• 

lfc ^Me s ti e ^ e Ifc 18 uode?!. 

MnscJe r es P°nse c)|n. n r r ej3ex rnhiitl ls 
<*«sed to*** ^afcfnsbeoS^. 

S f O tte reJe„? «™“te r 
rcfl,';,- " ft tie .„»J! aie<i mn s ,l P ma ® a 

&*»*£ tS**?" AiS-f* «? £ 



0 1 SEC —~+lluj 

Fig 371 ^ 

«S°‘SS r »tuJjf a f Cm- 
?* 

(left. 



590 


ATTITUDINAL REFLEXES 


reflexes produce contraction of the antigravity muscles and reciprocal in- 
hibition of the antagonistic muscles The resulting posture is reinforced and 
modified by the positive supporting reaction , this is a remarkable irradiating 
reflex which produces simultaneous contraction of extensors and flexors of a 
hmb converting it mto a solid rigid pillar, well adapted to maintaining the 
body weight The positive supportmg reaction, for some unknown reason, 
is most easily ehcited after complete removal of the cerebellum The pro- 
cedure is as follows press agamst the pads of the fingers or toes and dorsifiex 
the hand or the foot , the afferent impulses arise from the stimulated skm 
and from the muscles (mainly the mterossei) which are stretched All the 
muscles of the limb rejlexly contract, 1 1 e both the protagomsts and the antag- 
onists In this instance there is reciprocal contraction of the antagonists 
(cf p 649) 

The positive supportmg reaction is readily abohshed as follows passively 
flex the digits and hand m the forehmb, or plantar flex the toes in the hind 
hmb As a result, all the muscles in the hmb are reflexly inhibited and the 
part becomes loosened and free to be employed in the execution of movements 

The decerebrate “ stance ” is thus mamtamed as follows When the 
decerebrate ammal is put on its legs, the knees tend to bend under the weight 
of the body , the consequent stretch of the quadriceps reflexly sets up its 
contraction, which is mamtamed so long as gravity is acting , and similarly 
for the posterior neck muscles and the other antigravity muscles Positive 
supportmg reactions are set up from the feet m the way already described 

Segmental Static Reactions — The decerebrate ammal also possesses 
reflex mechamsms for adjusting the position of one hmb m relation to 
alterations m the state of another The crossed extensor reflex (p 537) is a case 
in point , impulses from one leg reflexly produce extension of the opposite 
hmb Another example is the shifting reaction flex (say) the right hmb and 
allow the body to veer to the right , owing to stretch of the adductors of the 
left hmb, the right hmb is reflexly caused to extend 2 

Attitudinal Reflexes in the Decerebrate Preparation 3 — The above 
discussion shows that the postural activities of the decerebrate preparation 
represent a great advance on those found in the spinal preparation The 
posture is now a co-ordinated one of the whole body instead of bemg limited 
to the hind hmbs (or to all four limbs m a high spmal transection), and 
the degree of tone is adequate to maintain the upright position We shall 
now see that m the decerebrate ammal the posture of the trunk and limbs 
can be adjusted (i) m accordance with alterations m the position of the 
head in space , and (n) by changing the position of the head relative to the trunk 
In the first case the afferent impulses arise solely from the otohth organ 
of the vestibule (tome labyrinthine reflexes 4 ) , m the second case additional 
afferent impulses come from the neck muscles (tome neck reflexes 4 ) The 
new position reflexly imposed on the body persists for as long as the new 
position of the head is mamtamed 

1 l’ho extensor thrust reflex (p 694) may represent a “ fragment ” of this more genera 
reaction 

2 Stretch of the quadriceps also causes contraction of the opposite quadriceps (Phillip 
son’s reflex) e g forced flexion of one leg at the knee causes extension of the opposite 
leg and foot (cf p 694) 

3 Magnus, Edrperstellung, Berlin, 1924 

* t e reflexes from labyrinth or neck respectively which modify tone or posture 
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(1) Tonic Neck Reflexes. — To study these separately, bilateral extirpa- 
tioa of the labyrinths is carried out The neck reflexes are set up by alterations 
of the position of the head relative to the body 

( 1 ) Ventroflex the head the fore limbs flex and the hmd limbs become 
more extended 

(n) Dorsiflex the head the fore limbs extend and the hmd limbs flex 
The purpose of these responses seems obvious the position of the body is 
being adapted, eg “ for looking under a shelf, or looking up to a shelf ” 

(in) Press ventralwards on the lower part of the cervical vertebral column 
all four limbs flex {vertebra prommem reflex), as “ m an animal crawling into 
a hole ” 

(iv) Rotate or incline the head m various directions to simplify descrip- 
tion, the limbs on the side to which the jaw is turned are called “ jaw limbs ” , 
the limbs to which the vertex is turned are called “ skull (or vertex) limbs.” 


In general it may be said that the 
jaw limbs extend (to support the 
weight of the head) and the skull 
limbs flex 

The centre for reflexes (i), (n), ' 
(m) is in the upper cervical region 
of the spinal cord , the afferent 
impulses pass m the dorsal roots 
of C 1-3 and come chiefly from the 
muscles of the back of the neck 
The descending paths are the long 
propnospmal tracts (Rig 373) 
The centre for (in) is in the lower 
cervical region 

(2) Tonic Labybinthine Re- 
flexes — These are Btudied after 
section of the dorsal nerve roots 
of C 1 , 2, 3 or after immobilizing 
the head, neck, and upper thorax 
by meanB of a plaster jacket (to 



ITg 372 — Posture of Limbs in Decorticate 
Man, and the Effect upon them of Rotation 
of the Head (After Walshe ) 


prevent neck reflexes from coming into play) The labyrinthine reflexes 
are due to alterations m the position of the head relative to the horizontal plane 
(l) If the animal is placed in the supine position, maximum tone is present 
m the antigravity muscles (n) In the prone position, with the snout 45° 
below the horizontal plane, tone m the extensor muscles is reduced to a 


minimum , m intervening positions intermediate grades of tone axe present 
The purpose of these reactions is not very clear , they disappear after section 
of the vestibular nerves The receptors are m the otolith organ as shown by 
the following experiment If an anesthetized guinea-pig is centrifuged at 
high speed, the otolithic membranes are detached (as proved by microscopic 
examination), but the ampul! ie of the semicircular canals are unha rmed the 
labyrinthine reactions are, however, abolished Alterations in the position 
of the otoliths (cf p 598) thus reflexly modify tone m the muscles of the 
bxnbs The centres for the labyrinthine reactions are the vestibular and 
reticular nuclei , the descending tracts employed are the vestibulospinal and 
reticulospinal (cf Rigs 368, 373) 
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After unilateral labyrinthine extirpation (p 601), the unopposed activity 
of the intact otolith organ results in flexion and rotation of the head to the 
side of the lesion , this m turn evokes secondary modifications m the position 
of the hmbs through the operation of the neck reflex As a result the jaw 
limbs extend and the skull limbs show di mini shed extensor tone 1 

The attitudinal reflexes can be easily demonstrated m normal animals and 
man where they are carried out more smoothly because the flexor muscles 
also participate m the reactions A cat sees a piece of meat m the air , the 
head extends, the fore hmbs extend, the hind hmbs are unaffected or flex, 
but can be suddenly extended when the animal wants to spring 

Posture in the Decorticate Preparation — The whole cerebral cortex 
is removed but the basal ganglia and the brain stem are left intact The 
posture adopted by such a decorticate preparation varies with the species 
and the conditions under which the animal is exammed 

In the dog or cat the posture when the ammal is on its feet is a normal 
one (unlike the exaggerated standing posture of decerebrate rigidity) , muscle 
tone is, therefore, normally distributed and is present in appropriate measure 
in the flexors as well as in the antigravity muscles , walking movements can 
be reflexly performed If the preparation is suspended m the air, strong 
hyperextension of the hmbs develops In the decorticate monkey, however, 
tone is gravely disturbed , there is full extension of the bind hmbs and a 
semi-flexed posture of the fore hmbs , walking movements do not occur 
The findings m decorticate man are very similar and are illustrated in Fig 
372 The legs are fully extended , the arms he across the chest, semiflexed 
at the elbows, the forearms shghtly pronated, and the wrists and fingers 
flexed 

In decorticate man typical neck reflexes can be ehcited When the head 
is rotated to the right, the right arm extends at the elbow and becomes 
abducted , the left arm becomes fully flexed with the hand touching the neck , 
the right leg is extended and the left leg is flexed (Fig 372) The usual rule 
is followed here the skull hmbs flex and the jaw hmbs extend The human 
decorticate posture is of great mterest because an almost identical posture 
of the arms and legs is found m hemiplegia (p 642) , it is probably largely due 
to removal of the influence of the inhibitory pathway arising m the cortical 
suppressor band 4s (cf p 623) 

Righting Reflexes in the Decorticate Preparation — By means of 
the righting reflexes the decorticate cat or rabbit can bring its head right 
way up and get the body into the erect position under all circumstances 
If the ammal is laid on its side or on its back, the head at once rights itself, 
the body follows suit, and finally the ammal resumes the upright posture 
The decerebrate ammal, though it can remain insecurely in the upright position 
if put there, can never actively assume that position The righting reflex 
consists of a chain of reactions following one another m an orderly sequence 
as each reaction produces its successor 

1 When tonic labyrinthine and neck reflexes are simultaneously evoked, they produce 
the algebraic sum of the separate responses Thus, if the head is dorsiflexed m a decere 
brate animal (with intact labyrinths), labyrinthine impulses produce increased tone m 
all four hmbs, while the proprioceptors from the neck tend to extend the fore hmbs and 
flex the hin d hmbs The actual result observed is extension of the fore hmbs (as both 
reflexes tend to increase extensor tone) and little change in the hind hmbs (because the 
two reflexes are exerting antagomstio influences) 
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(1) Labyrinthine Righting Reflex —With the animal’s head m the 
lateral position impulses arise m the saccules which lead reflexly to righting 
of the head 

(2) Body Righting Reflex — With the animal on its side, the side of the 
tr unk in contact with the bench is undergoing constant stimulation, while the 
other Bide in contact with air is not This asymmetric stimulation of the 
deep structures in the body wall also reflexly rights the head The head can 
thus be righted even after double labyrmthectomy 

If a labynnthless animal is laid on its side and a weighted board is placed 
on the upper side of the animal so that equal streams of impulses pass up from 
both sides of the trunk, the head falls back into the lateral position 

(3) Reck Righting Reflex — The reflexes just described act primarily on 
the neck muscles and right the head The trunk, however, remains as before 
in the lateral position, so that the neck is twisted This evokes a further 
reaction— the neck righting reflex — which brings the thorax and lumbar 
region successively into the upright position If righting of the head is pre- 
vented, impulses from the body surface may cause righting of the body 
directly 

(4) Limbs — The appropriate posture of the limbs is largely attained by 
impulses arising m the limb muscles themselves The righting reflex can be 
well demonstrated in the intact cat if it is blindfolded and dropped with the 
legs pointing upwards The cat turns itself round with great Bpeed and 
ahghts gently on all fours 

The chief centre for this group of righting reactions is m the neighbourhood 
of the red nucleus (Fig 373) 

(5) Optical Righting Reflexes — In animals with the calcarine cortex 
intact , righting of the head is also brought about reflexly by means of optical 
impulses In the intact cat, dog, or monkey, after denervation of the laby- 
rinths and the neck muscles, nghtmg caxrnot take place if the animal is 
blindfolded, but is successfully carried out if the eyes are open The centre 
for the optical nghtmg reflex is in the visual (calcarme) cortex, whence 
impulses pass ultimately to the neck muscles to right the head In man the 
optic nghtmg reflexes are far more important than the labyrinthine 

General Regulation of Posture — Posture is determined by the degree 
and distnbution of muscle tone, u of muscular contraction , it depends, 
therefore, on the pattern of discharge of the motor neurones which supply 
the muscles Motor neurone activity maintaining tone is reflexly regulated, 
the basic spinal reflex (stretch reflex) being reinforced and modified by the 
positive supporting reaction and other reflexes considered on pp 589-593 
When longer reflex arcs are available through the brain stem and basal 
ganglia, the more complex and efficient postures of the decerebrate and 
decorticate preparation appear Afferents which modify the discharge 
of the centres which give rise to the long propnospmal, vestibulospinal or 
reticulospinal tracts, reflexly modify posture , hence the adjustments of 
posture produced by neck reflexes, labyrinthine reflexes and nghtmg reflexes 
That the cerebral cortex, through its projection fibres, modifies posture is 
clear from the occurrence of optical nghtmg reflexes Two groups of fibres 
arise m cells in the brain stem and descend to end at the spinal motor neurones 
some are facihtatory (e g reticulospinal fibres, vestibulospinal tract) and 
increase muscle tone, the others (e g other reticulospinal fibres) are inhibitory 
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and decrease muscle tone Tlie nuclei of origin of these fibres m the brain stem 
are acted on by cerebellar efferents which thus modify tone The inhi bitory 
pathway is controlled by the suppressor bands in the cerebral cortex , removal 
of the suppressor area 4s or decortication results m spasticity and abnormal 
postures (p 624) The facilitatory pathway is controlled by cortical area 6 


CEREBRUM 



Fig 373 — Regulation of Posture 

Thai , Thalamus Pyr T , Pyramidal tract It N , Red nucleus Ret N , 

Nuclei of reticular formation of brain stem D N , Deiters nucleus 
V H C , Ventral horn cell (For more details see Figs 367, 868, 383, 384 
400, 408, 424, 426 ) 

whence fibres pass to relay m the globus palhdus, thalamus and hypothalamus 
to end in the reticular nuclei (p 629) 

Regulation of normal posture m the intact animal depends on the integrated 
activity of all the reflex mechanisms to which reference has ]ust been made 
(Fig 373) Each ventral horn cell is a convergence point , on it converge 
fibres from many dorsal nerve roots and descending fibres from all levels of 
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the bram and spinal cord Some of these fibres are excitatory, others are 
inhibitory to the motor neurones When the activities of all these converging 
paths are properly co-ordinated, normal posture results , if any contributing 
path is destroyed or functions abnormally, posture is deranged, often m a 
manner so characteristic as to be of great diagnostic value to the clinician 
Finally it must be emphasized that posture is the basis of movement , all 
movements start and end m a posture, they grow out of a posture 1 and return 
to it 

Mechanism or Standing in Man — The comfortable stance of a normal 
man is quite unlik e the imperfect caricature of standing displayed by a decere- 
brate cat; it is hardly surprising to find that the detailed mechanisms 
employed differ though fundamental similarities persist The activity of the 
muscles in man can be convemently studied by ( 1 ) inspection , (n) palpation , 
(in) the use of surface electrodes placed on suitable parts of the skin overlying 
the muscles which are being examined (Fig 420) , (iv) concentric needle 
electrodes inserted into the muscles (p 648) Using these methods it can be 
shown that when a man is comfortably balanced in the upright position there 
is remarkably httle activity taking place m the muscles of the trunk and 
thighs (Fig 421) The explanation of this surprising finding is that the 
disposition of the skeleton, the ligaments and the soft parts is such that a 
momentary insecure balance can be maintained passively This passive erect 
posture in the absence of all muscular activity is, as stated, momentary and 
insecure, and the person would immediately fall if muscular activity did not 
develop (A person whose muscles are paralysed cannot stand ) But as 
soon as the man begins to fall, reflex compensatory muscular reactions set in 
which restore the state of balance the muscular contraction then ceases till 
the next deviation from the erect position occurs A standing man can fall 
m any direction forwards, backwards or sideways The muscles which 
oppose the fall are acting as antigravity muscles , depending on the direction 
of the fall, any of the muscles of the trunk or legs act as antigravity muscles 
Thus when the body sways forwards the extensors of the trunk and the flexors 
of the leg contract sufficiently to restore the balance , when the sway is 
backwards the recti abdominis and the leg extensors contract , when the 
sway is sideways the contralateral external oblique muscle responds (Fig 
423) These responses are reflexly produced, partly as a result of impulses 
from stretch receptors m the trunk and legs and partly from the receptors m 
the head, mainly the eyes It is a common experience that with the eyes 
closed the upright stance is less steady and that more swaying of the trunk 
occurs This observation shows that visual afferents are concerned m the 
reflex maintenance of the upright stance in man 

These questions are considered further on p 650 

THE VESTIBULAR APPARATUS 2 

The vestibular apparatus (labyrinth) is a complex sense organ which is 
stimulated by (a) gravity and ( b ) rotation movements It plays an important 

1 Or as the Chinese would say, “ a perfect Ym state passes over into new Yang- 
actmty ” (Toynbee, A Study of History) 

op Korperstdlung, Berlin, 1924 , Crooman Lecture, Proc roy Soc B , 1925, 

Vo, 3a9 
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role in postural activity , it gives rise to afferent impulses which reflexly 
adapt the position of the trunk and limbs to that of the head and enable the erect 
position of the head and the normal attitude of the body to be maintained 
Impulses from the vestibule also reach the cerebral cortex and subserve the 
recognition of the position and movements of the head 

Anatomy — The vestibular apparatus consists of the three semicircular 
canals and the otolith organ (the saccule and utricle) (Fig 374) 

( 1 ) The canals are the lateral (horizontal), superior, and posterior, each 
being m a different plane at right angles to the others The left superior 
canal is in the same plane as the right posterior canal, and vice versa The 
membranous canals contain the endolymph and are enclosed in bony canals, 



Fig 374 — Anatomy of Vestibular Apparatus (Modified from Hardy, 

Anat Rec , 1934, 59 ) 

N Vestib ■= vestibular nerve 

N Coeh = cochlear nerve 

Gang Scarp = Scarpa s (vestibular) ganglion 

Gang Coch = cochlear gangbon 

TJtnc =utncle 

Sacc =saccule 

Sup , Post , Lat =supenor, posterior, and lateral semicircular canals 
Sac end =sacculus endolymphaticus 

from which they are separated by the perilymph , each canal commences 
as a dilation or ampulla, containing a projecting ridge, the crista The canals 
open into the utricle by means of five apertures, one being common to the 
superior and posterior canals 

(u) The utricle communicates with the saccule by means of the ductus 
endolymphaticus Both the saccule and utricle contain a projecting ridge, 
the macula The canalis reumens unites the saccule and the duct of the 
cochlea 

Structure of Crista and Macula — The crista and macula are the 
specific receptors of the vestibular apparatus and have a similar structure 
Covering the ridge is a tall columnar epithehum (hair cells) giving attachment 
to long stiff hairs which project into a firm gelatinous material, the cupula 
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terminahs (Fig 375) Between tlie hair cells lie the fibres of origin of the 
vestibular division of the eighth nerve 

( 1 ) In the canals the cupula rises to the roof of the ampulla, acting ' 
as a movable partition which divides the ampulla into two compartments ' 
(Fig 377) 

(n) In the saccule and utricle the cupula contains many chalky particles, 
the otoliths, hence the name the otolith organ When the head in man is m 
the normal erect position, the macula of each utricle is approximately m the 
horizontal plane, with the cupula, hairs, and otoliths rising vertically from 
the macular epithelium , the macula m 
each saccule then hes in the vertical 
plane, with the hairs and otoliths 
projecting horizontally outwards into 
the cupula 

Central Vestibular Connections — 

The nerve endings m the maculae and 
cristse continue as nerve fibres which 
have their cell bodies in the bipolar 
cells of the vestibular ganglion , the 
central axons of the vestibular nerve 
enter the medulla ventral to the restiform 
body (inferior peduncle) and dorsal to 
the descending root of the Vth nerve 
The axons divide into ascending and 
descending branches which end in four 
nuclear masses (i) The large medial 
(principal) nucleus m the pons and 
medulla , (n) the descending nucleus 
associated with the descending vestibular 
fibres , (m) the superior nucleus (of 
Bechterew) at the level of the Vlth nucleus, 

(iv) the lateral nucleus (of Deiters) in the 
lower pons For all practical purposes Fxo 375 — Structure of Crista of Ampulla 
these four nuclei can be treated as a of Semicircular Canal (AfterCamis) 
single functioning entity Some vestibular 

fibres pass direcUy to ike flocculonodular lobe of the cerebellum (Fig 382) 

Fibres from the vestibular nuclei pass 

(l) to the palaeocerebellum of both sides via the restiform body (Fig 383a) 

(n) directly and via the cerebellum to the red nucleus and the nuclei of 
the reticular formation m the brain stem (Fig 373) 

(in) m the median longitudinal bundle to the oculomotor nuclei of both 
sides , 

(iv) via the medial lemniscus to the opposite thalamus and thence to the 
opposite temporal lobe , 

(v) down m the vestibulospinal tracts to the ventral columns of the spinal 
cord to end directly (and also via short interneurones) round ventral horn 
cells (Figs 367, 368, 373) 

Mode of Action of Otolith Organ (Saccule and Utricle) — The 
macula of the saccule and utricle are stretch receptors, the effective stimulus 
being the pull of gravity on the cupula and contained otoliths and hairlets , 
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the hair cells are thus deformed with resulting stimulation of the nerve 
filaments which lie between them As might be expected the saccules are 
affected by a lateral tilt of the head thus if the head is tilted laterally to 
the right (to rest on the shoulder) the cupula of the right saccule hangs 
downwards and pulls on its macula which is maximally stimulated , the 
cupula of the left saccule points upwards and “ rests ” on the macula, this 
being the position of minimal stimulation of the nerve endings Ventral 
or dorsal flexion of the head (fore and aft tilt) affects the utricular macul® , 
with the head erect the cupulae in the utricles pomt upwards providing a 
mini mal stimulus , when the head is bent well forward, or back, the cupulce 
are pendent, pulling on the maculae and so stimulating them maximally 



Fig 376 — Response of Gravity Receptors (Oto- 
lith Organ) Relation between tilt of head and 
frequency of impulses m vestibular nerve 
(After Adrian, J Physiol, 1943, 101, 393 ) 

Decerebrate cat The degree of lateral tilt of the head is 
shown in the upper diagrams The impulses were 
recorded from the right nerve while the head was being 
tilted to the right (t e right cheek down) As tho tilt 
was increased the impulse frequency rose correspondingly 
When the head was tilted to the left, the discharge in the 
right nerve ceased 

Action potentials can be recorded in the appropriate branches of the 
vestibular nerve or m its nucleus m the medulla A tilt of as little as 2 5 
stimulates the appropriate maculee , as the tilt increases the frequency of 
the discharge progressively rises (Fig 376) The general law of the receptors 
thus apphes here, that the frequency of the impulse stream is directly related 
to the strength of stimulation If the head is kept m any particular position, 
the impulse discharge pattern persists for as long as the position is main- 
tained, except for some slight reduction m the discharge rate , the receptors 
thus show httle adaptation (like the stretch receptors in muscle and tendon, 
p 551) 

1 Mode of Action of the Semicircular Canals.— An old experiment of 
Ewald illustrates how the semicircular canals are stimulated Bore two holes 
in one bony canal (m a pigeon) Stop the one farthest away from the ampulla 
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with amalgam so as to block the membranous canal completely Through 
the second hole introduce a rubber tube into the perilymph , when air is 
gently blown down this tube the membranous canal is compressed and the 
endolymph moves m the only direction it can do freely, namely, towards 
the ampulla As a result nerve impulses are set up as judged by a resulting 
reflex movement of the head and eyes in the plane of the canal and m the 
direction of the endolymph current 

Direct observations have been made on the exposed semicircular canals 
m fish , a drop of oil is introduced into the canal, the fish is rotated, and the 
behaviour of the cupula is watched As the rotation begins the endolymph 
in the canal moves, as shown by the shift m the position of the drop of oil , 
the cupula, which rises up as a septum completely dividing the ampulla m 
two, becomes bent over m the direction of the endolymph movement to 
an angle of up to 30° (Fig 377) 

The effective stimulus to each ampulla is rotation of the head m the plane 
of its canal Consider the case of rotation of the head m the horizontal plane, 
m the direction of the arrows as 
shown in Fig 378, the left ampulla 
is “leading” its canal while the 
right ampulla is “ trading ” behind 
its canal As the endolymph 
possesses merlui it does not move 
as fast, initially, as the canal m 
which it is contained , thus in a 
short-lived rotational movement of 
the head [eg one or two turns) 
the endolymph lags behind, this is 
equivalent to a flow in the reverse 
direction from that of the head 
movement In the experiment 
illustrated by Fig 378 the initial 
endolymph movement is thus 
towards the right ampulla and awav 
from the left ampulla , both cupulas presumably swing to the left Action 
potentials led off from the appropriate nerves show that the frequency of 
the impulses from the right ampulla is increased while that from the left 
ampulla is decreased , le m the case of the lateral (horizontal) canals, the 
“ trailing ” ampulla is stimulated while the “ leading ” ampulla is depressed 

The stimulus to the cristse is obviously due to the swing of the cupula 
set up by the endolymph , it seems that a swing m a certain direction m 
any canal increases the stimulus to the nerve endings, while a swing in the 
opposite direction in that canal decreases the stimulus to the nerve endings 
The combination of increased impulse discharge from one ampulla and 
decreased impulse discharge from the other, may form the basis of the 
interpretation of the direction of the movement. The degree of alteration 
of the frequency of the impulse discharge is directly related to the rate of 
acceleration of the rotational movement 

As the rotation is continued the endolymph takes up the same rate of 
movement as its canal , the cupula, by reason of its own elasticity, then 
returns (in about 30 seconds) to its original restmg position, and the resting 



Fig 377 — Mode of stimulation of Semi- 
circular Canals 

SCO, semicircular canal 

The cupula, situated on the top of the crista, 
completely blocks the ampulla of the 
membranous canal The cupula Is caused 
to siring by mo% ements of the endolymph 
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nervous discharge is resumed {i e the discharge m the “ active ” ampulla 
decreases and that in the “ depressed ” ampulla increases) On cessation 
(or deceleration) of the movement, changes which are the reverse of the ini tial 
ones, occur The endolymph, by reason of its momentum continues to move 
after the canal has come to rest , thus m Fig 378 on cessation of head move- 
ment, the endolymph will continue to flow in the direction shown by the 
arrows, le to the right , the cupulas will swing to the right As this is the 

opposite direction to that at the 
beginning of the movement the 
subjective impression will be of a 
movement m the reverse direction 
to the previous rotation Finally 
the cupulse by reason of their 
elasticity, regain their resting 
position, and the sense of movement 
ceases 

The vertical posterior canal acts 
similarly except that for some un- 
known reason the ampulla which is 
leading is stimulated (Fig 379, B) , 
the details for the vertical superior 
canal are uncertain (Fig 379, C) 
The left superior and the right posterior canals act as a functional pair, as do 
the right superior and the left mferior canals With the head at rest there 
is a steady “spontaneous” discharge of impulses from all the <£5} ampullae . 
Characteristic modifications of this discharge pattern are set up by rotatory 
movements m any direction 

It must be repeated that the semicircular canals give information about 
■movements, the otolith organ about the position of the head 



to 


illustrate Mode of 
(Horizontal) Semi- 


Fig 378 — Diagram 
Action of Lateral 
circular Canals 

The arrow shows the direction of movement of the 
head The right ampulla is stimulated , the 
nervous discharge from the left ampulla is 
decreased 




j'jo 379 — Direction of Rotation which Stimulates the Three Semicircular Canals (Cat) 
(Adrian, J Physiol , 1943, 101, 397 ) 

A horizontal canal o-* -r- ru is with ampulla trailing 

B posterior canal \ > i > plane) , stimulating direction with ampulla leading 

C superior (anterio ( \v. > ledian plane) , results uncertain 


Extirpation Experiments — (1) Bilateral extirpation in birds produces 
grave disturbances , the ammals subsequently cannot stand or fly or maintain 
any fixed position In the cat or monkey the initial symptoms soon disappear 
and the animal behaves fairly normally if allowed the use of its eyes , it fads, 
however, to orientate itself under water and would soon drown , it cannot 
right itself when falling blindfold through the air (cf p 593) Muscle tone is 
not permanently decreased 



BARANY’S TEST 


601 


(2) Unilateral extirpation gives rise to complex derangements of postural 
activity 

( 1 ) The immediate effects are skew deviation of the eyes tie one eye 
rolls upwards and outwards and the other downwards and outwards), nystag- 
mus, rotation and lateral flexion of the head (so that the occiput is turned to 
the side of the lesion) , these changes are due to the unopposed action of the 
intact labyrinth The altered position of the head sets up neck reflexes which, 
secondarily, modify the posture of the trunk and limbs The limbs on the 
side of the lesion (the side to which the vertex is pointing, or skull (vertex) 
limbs) flex, and the limbs on the opposite side (]aw limbs) extend (p 591) 
There is spiral rotation of the trunk 
(n) The permanent effects are — 

(a) Nystagmus there is a slow swaying movement towards the side of 
the lesion and a quick return towards the midline 

(&) The reciprocal changes m tone and the head rotation persist 
(c) The rotation of the trunk diminishes 

(3) If one canal, e g the j' n F Rec r u i " T“l 

horizontal, is removed, 

spontaneous movements are I i i l I i i 

set up in the plane of that 
canal, as no impulses are 

sent up to give information ° 1 I i I I 

about the movement and > — — 1/ — r — 1/ *• 

thus check it Ext Rectus / j \ V V f f 

Relation op Vestibule 1/ III I r ^ 

to Regulation op 

Postuke — The experiment 

of Ewald, and the results Era 380 — Reciprocal Innervation of Eye Muscles 
of extirpation show that the of Rabbit during Nystagmus set up by Irri- 
vestibule normally playB an gation of Ear 

imnnr+nnt nnrt in tbp rponln Lower curve, external (lateral) rectus, upper curve, internal 
imp u roan u pari/ XU bile reguia (medial) rectus Decerebellate preparation (After de 

tion of posture Studies on Kieijn ) 

the tonic labyrinthine reflexes 

(p 591) and on the righting reflexes (p 593), which have been fully considered, 
indicate how the otohth organ helps reflexly to maintain the upright position 
of the head and to adjust the position of the body to that of the head in 
space or relative to the trunk 

Barany’s Test — The semicircular canals in man can be readily stimu- 
lated By throwing the head backwards 60° and looking to the opposite 
side at an angle of 50° from the middle line and up to the ceiling, the lateral 
(horizontal) canal is placed vertical The right ear, for example, is then 
syringed with cold air, which causes (by convection currents) a downward 


Ext Rectus 
iy 


Lower curve, external (lateral) rectus , upper curve, internal 
(medial) rectus Decerebellate preparation (After de 
Kieijn ) 


movement of the endolymph , this is equivalent to moving the head to the 
opposite side (to the left) (Fig 380) The patient complains of giddiness, 
and if allowed to stand tends to fall to the right , nausea and vomitmg may 
occur The following results can be noted 

(a) Nystagmus — The short jerk is to the opposite side (the left), and the 
slow movement is to the same side (the right) 

The slow deviation to the same side is due to impulses which reach the 
eye nuclei from the vestibule via the vestibular nuclei The short jerk is 
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probably a compensatory movement initiated by the cerebral cortex The 
nystagmus illustrates well the law of reciprocal innervation (p 545) De 
Kleijn removed the (right) eyeball in the rabbit and connected the mternal 
and external rectus muscles to levers Nystagmus was produced by 
syringing the (right) external meatus The slow phase of the movement 
was to the right, and while the external rectus Blowly contracted the 
internal rectus relaxed correspondingly slowly , in the quick phase the 
internal rectus contracted suddenly and the external rectus as rapidly 
relaxed (Fig 380) 1 (Cf p 609 ) 

(/?) Past Pointing — On attempting to raise and lower the arms and touch 
a given point on a tape (when the eyes are shut), the hmbs deviate out to the 
stimulated side (Cf p 609 ) 

(y) Spontaneous deviation of the limbs occurs towards the stimulated 
side 2 (Cf p 609 ) 

Abnormal vestibular stimulation also produces complex autonomic disturb- 
ances such as alterations in blood pressure, heart rate, respiration and bowel 
tone and movements , these changes are well seen m the phenomena of 
sea-sickness 


THE CEREBELLUM 3 


Anatomy of the Cerebellum — It is customary to divide the cerebellum 
into (l) two large, laterally placed cerebellar hemispheres, and (n) a small 
central portion, the vermis, so called “ because it resembles a worm bent on 


DENTATE CENTRAL 

NUCLEUS LOBULE CULMEN 



NODULE / PV RAMIS 

UVULA 


Fig 381 — Anatomy of Cerebellum (Modified from Ranson and Clark, Anatomy of the 
Nervous System, 1947, W B Saunders & Co) 

Sagittal sections through human cerebellum 

Left hand figure Section passes through lateral hemisphere and dentate nucleus 
Bight hand figure Section passes through the vermis in. the median plane 


1 The clinical terminology of vestibular nystagmus is confusing, as attention is mainly 
paid to tbe “ quiok ” or correcting component Thus a so called “ right horizontal 
nystagmus ” is one in which the quick movement is to the right, and the slow to the 
left For completeness it may be mentioned that nystagmus may also be vertical or 
rotary 

2 It will be noted that the tendency to fall, the spontaneous deviation, the past point 
mg, and the slow phase of the nystagmus are all towards the syringed side 

3 Holmes, Brain, 1917, 40, 461 , Lancet, 1922, l, 1177 et seq Symposium m Brain, 
1927, 50, 276 Assoc Res nerv ment Dis , Cerebellum, Baltimore, 1926 Dow, Biol 
Rev , 1942, 17, 179 Adrian, Brain, 1943, 66, 289 Fulton, Functional Localization m 
the Frontal Lobes and Cerebellum, Oxford, 1949 
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itself to form almost a complete circle ” The shape of the vermis is best seen 
m a sagittal section through its median plane as in Fig 381 This conventional 
anatomical terminology does not, however, correspond to the functional 
differentiation or the phylogemc history of the cerebellum 

The older part (phylogenetically) of the cerebellum is called the paloeo- 
cerebellum , the newer part is called the neocerebellum 



I 1 CORTICO-PONTO- CEREBELLAR 
EH SPINAL 
f , ‘."1 VESTIBULAR 

Fig 382 — Diagram of Primate Cerebellar Cortex 3 aid out flat and looked at from 
the Dorsal Surface to show Principal Subdivisions and Afferent Connections 
(Modified from Dow and Fulton ) 

F P ^primary fissure, separating anatomical anterior obe from posterior lobe (Physiological 
anterior lobe includes lobulus simplex ) P F =prepyramidal fissure P L F =postero lateral v 
fissure =postenor border of posterior lobe Anatomical posterior lobe extends from PP to 
P 1 , F 

(x) The paheocerebellum consists of the flocculonodular lobe (nodulus and 
the two lateral floccub, the paraflocouh, most of the veraus (except the 
dechve, folium and tuber) and the “ physiological anterior lobe of the cere- 
bellum ” (lmgula, lobulus centralis, culmen and lobulus simplex) (Fig 382) 
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(n) The neocerebellum consists of most of the posterior lobe , it does not 
include the pyramis, uvula and parafloccuh or the lobulus simplex, but does 
include the folium and tuber (of the vermis) (Fig 382) Roughly speaking 
the greater part of the lateral hemispheres of the cerebellum is neocerebellum 



Fig 383 — Mam Connections of Palfeocerebellum 
DNR, dorsal nerve root D N , Deiters nucleus 

VEC, Ventral horn cell Vestib Cereb Tract, Vestibulo cerebellar tracts 

Vest Nerve, Vestibular nerve Itet Nile , Keticular nuclei 

Vest > Nuc , Vestibular nucleus Eet Sp Tract, Reticulospinal tracts 

Spmo cerebell Tr , Spinocerebellar tracts{dorsal 
and a entral) 


The size of the neocerebellum increases phylogenetically with the develop- 
ment of the cerebral hemispheres 

As will be explained later, the palseocerebellum discharges to the brain 
stem and thus regulates posture The neocerebellum discharges to the upper 
brain stem, thalamus and cerebral cortex and thus regulates voluntary 
movements as well as posture 
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The surface of the cerebellum is covered by a grey cortex which is thrown 
into numerous fine convolutions {folia) In the white matter of the interior 
of the cerebellum are found masses of grey matter {deep nuclei) the dentate 
nucleus in the lateral hemispheres, and a group of three more medially placed 
nuclei (n emboliformis, n globosus and n fastign (the last is part of the roof 
of the fourth ventricle and therefore referred to as a “ roof nucleus ”)) 


RB 



V sp C , -ventral spinocerebellar tract D ep C , dorsal spinocerebellar 
tract Cl C , Clarke s column of cells 01 , Olivary nucleus V N , 

\ estibular nerve V Nuc , vestibular nuclei N Gfrac , nucleus 
gracilis X Cun , nucleus cuneatus B B , restiform body Ext arc f 
external arcuate fibres 

Histology of the Cerebellar Cortex — Three layers are recognized — an 
outer molecuhi , an inner nuclear, and a middle layer of Purkmje cells 

(1) The Purkmje cells are large flask-shaped cells , their axons pass into 
the white matter to end mainly in the deep cerebellar nuclei (supra) Their 
dendrites form a complex tree-like arborization in the molecular layer 

(2) The molecular layer contains the basket cells, whose axons link 
up a number of Purkmje cells and end m basket-like interlacements round 
their bodies 
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(3) The nuclear layer consists of round cells ( granules ) with large nuclei 
which practically fill the cell substance Their axons pass up into the 
molecular layer and bifurcate, but their mode of termination is not known 
Their dendrites end locally in their own layer in tuft-hke endings 

(4) Afferent fibres enter from the white matter the moss fibres end in 
tufts round the dendrites of the granule cells , the tendril or climbing fibres pass 
into the molecular layer and twine round the dendrites of the Purkmje cells 

The cerebellar cortex is thus an elaborate mternuncial mass connecting 
the incoming afferents with the deep nuclei , it is the latter (m the mam) which 
give rise to the efferent cerebellar fibres which pass to the bram stem, thalamus, 
and cerebral cortex 

Connections and Functions of the Cerebellum 1 Flocculo- 
nodular Lobe — (l) Its mam connections , afferent and efferent, are with the 
vestibular nuclei (Fig 382) 

Vestibular afferents (from the otohth organ and semicircular canals) pass 
both directly or after relaymg m the vestibular nuclei via the restiform body 
(inferior peduncle) to the flocculonodular lobe , efferents from this lobe 
return in the restiform body to the vestibular nuclei From these nuclei 
the descending vestibulospinal tract connects with spinal motor neurones 
The flocculonodular lobe is thus a long relay, superimposed on the vestibular 
nuclei, for controlling bodily posture 

(n) Effects of Extirpation — Isolated extirpation of this lobe has no effect 
on voluntary movement or on hmb posture The mam disturbance is of 
equilibrium, shown by an mabihty to maintain the erect position A monkey 
so afflicted is unable to stand up without swaying and generally sits m a 
corner propped up by the two sides of its cage There is a common cerebellar 
tumour ( medulloblastoma ) occurring m childhood which, because it affects the 
flocculonodular lobe, produces similar unsteadiness m standing and walking, 
the so-called trunk ataxy Similar symptoms (as might be expected) follow 
section of the restiform body 

After removal of the nodulus in the dog, the ammal no longer develops 
motion sickness 

2 Main Palaeocerebellum — (1) Connections (Figs 382, 383) 

(i) Afferent Fibres — The mam part of the palaeocerebellum, i e the 
“ physiological anterior lobe ” and the posterior part of the posterior lobe, 
receives afferents chiefly from the muscles and related deep structures, and to a 
minor extent from the vestibular apparatus 

The details are as follows (Fig 383a) 

(a) Muscle afferents from the trunk and hmbs enter the dorsal nerve roots 
and end m Clarke’s column at the base of the dorsal horn of grey matter 
The axons ansmg from these cells form 

(a) The dorsal spinocerebellar tract which passes up the lateral column of 
its own side (m its dorsal part near the surface) to enter the restiform body 
(inferior peduncle of the cerebellum) 

(/?) The ventral spinocerebellar tract which passes up the ventral column 
of its own and also the opposite side, to enter the brachium conjunctivum 
(superior peduncle of the cerebellum) 

(b) Muscle afferents from the trunk and hmbs also pass up m the dorsal 
columns, relay m the nuclei gracihs and cuneatus m the medulla and then 
pass via the restiform body to the cerebellum 
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(c) Muscle afferents from the head, end in various sensory nuclei (especially 
V) and pass thence to the cerebellum 

(n) Efferent Fibres — Efferents from this part of the palseocerebellum pass 
via the deep nuclei to the brain stem (mainly m the restiform body and the 
bracluum pontis (middle peduncle of cerebellum)) to end in the vestibular 
nuclei and the reticular nuclei of the pons and medulla The descending 
vestibulospinal and reticulospinal fibres connect with the lower motor neur- 
ones , ascending fibres from the vestibular nuclei (m the median longitudinal 
bundle) end round cramal nuclei especially those supplying the eye muscles 
The main palseocerebellum is thus a long relay superimposed on the brain stem 
and (as shown below ) I regulating the 
posture of the eyeballs, head, trunk and 
limbs (Fig 383) 

(2) Functions — Most of the experi- 
mental work has been carried out on 
the anterior lobe As explamed on 
p 593 some of the descending tracts 
arising in the brain stem and ending at 
the lower motor neurones are facili- 
tatory (increasing muscle tone) , others 
are inhibitory (decreasing tone) It 
has been shown that the anterior lobe, 
by controlling the cells of origin of 
these tracts can modify muscle tone in 
complex ways 

(l) Stimulation of the anterior lobe 
may inhibit tone in the extensor 
muscles both in the intact and m the 
decerebrate animal , the effect is most 
marked on the same side of the body 
The inhibitory impulses pass via the 
dentate nucleus to the bram stem Con- 
versely, ablation of the anterior lobe 
enhances extensor tone in decerebrate 
rigidity Extirpation of the lingula 
(which receives vestibular afferents 
(Fig 382)) leads to enhancement of 

_ vestibular reflexes 

(u) On the other hand stimulation of the antenorlobe may sometimes increase 
muscle tone , the faciktatory impulses pass via the n fastign to the bram stem 

(m) The effects of the anterior lobe on the lower motor neurones are to 
some extent topographically locahzed Specific areas in the anterior lobe 
facihtate or inhibit the discharge of specific groups of motor neurones 
Electrical studies have shown that impulses from specific parts of the limbs 
project on to specific points m the anterior lobe 

The role of the palseocerebellum as a reflex centre for the finer control of 
posture has been summarized by Sherrington “ the cerebellum may indeed 
be described as the head ganglion of the proprioceptive system and the head 
ganglion here, as in other systems, is the mam ganglion ” 1 

1 “ head ganglion,” Sherrington means the ganglion situated m the head 



Thai , Thalamus Pyr Tr , Pyramidal tract 
B N , Bed nucleus Nucl Pont , Nuclei 
pontis Bet N , Beticular nuclei 
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3 Neocerebellum (Most of the Cerebellar Hemispheres) — (1) Con- 
nections (Fig 384) — The neocerebellum also receives some proprioceptor 
afferents from muscles via the spinocerebellar tracts The mam connections 
of each cerebellar hemisphere,' however, are with the opposite cerebral 
hemisphere and the upper brain stem 

(1) Cortico-pontme fibres arise in the frontal lobes mamly in the excito- 
motor cortex (areas 4 and 6) and in the temporal lobes, and end m the nuclei 
pontis, which also receives fibres from the pyramidal tracts From the 
nuclei pontis the pontocerebellar fibres arise, which cross to the opposite 
cerebellar hemisphere m the brachium pontis 

(n) (a) From the dentate nucleus of the lateral lobe of the cerebellum, the 
brachium u conjunctivum [ superior cerebellar peduncle] arises It crosses the 
middle line in the nudbram , most of the fibres end m the (opposite) thalamus 
[latero-ventral nucleus] A new relay arises there to end m the (opposite) 
cerebral hemisphere, mamly m the excitomotor cortex (areas 4 and 6) The 
pathway, cerebellum-thalamus-cerebral cortex-pons-cerebellum, can be 
regarded as a closed circuit by means of which the cerebrum and cerebellum 
mutually influence one another’s activities 

Each cerebellar hemisphere controls the opposite cerebral cortex , m its 
turn the excitomotor cortex via the pyramidal tract controls the movements 
of the opposite side of the body. Because of the double decussation (i e of 
the brachia conjunctiva [superior cerebellar peduncles] and of the pyramidal 
tracts), each cerebellar hemisphere controls voluntary movements on its own side 
of the body 

(b) Some of the efferent cerebellar fibres end m the opposite red nucleus 
and m the nuclei of the reticular formation of the bram stem Descending 
rubrospmal, rubroreticular and reticulospinal fibres end at the lower motor 
neurones and influence tone 

The connections of the neocerebellum shown m Fig 384 make it clear 
how it can regulate voluntary movement and influence posture 

(in) Electrical stimulation of the motor area of the cerebral cortex produces 
localized responses m the cortex of the opposite cerebellar hemisphere , face, 
arm, and leg areas m the motor cortex link up with specific areas m the 
cerebellar cortex Conversely, cerebellar stimulation modifies the “ resting ” 
action potentials m the cerebral cortex (area 4) and enhances the excitability 
of the motor cortex to artificial stimulation 

(iv) The anatomical and functional relationships between the palseo- 
cerebellum and neocerebellum are obscure There is no evidence that the 
mam palseocerebellum and the neocerebellum“'are discrete physiological 
entities It is difficult to understand how the neocerebellum can function 
effectively with so sparse a supply of afferents from the muscles and the 
vestibule There may possibly be important connections between the 
different areas of the grey surface of the cerebellum which would convert the 
organ into an integrated umt 

(2) Results of Lesions of Neocerebellum — Injuries to the cerebellar 
hemisphere m man (due to gunshot wounds or tumour) produce characteristic 
disturbances of posture and of voluntary movement In unilateral lesions, the 
changes are mamly found on the same side of the body 

The detailed findings are set out fully below 

Disturbances of Posture — (1) Atonia — There is diminution or loss 
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of tone m the muscles of the same side of the body, particularly m the hmbs 
TFe "muscles ‘Feel’ 1 flabby* and are* readily compressed and displaced, they 
can be stretched without producing discomfort If the forearm is held and 
the hand shaken to and fro, the oscillations of the hand are normally limited 
owing to the tension of the muscles of the forearm In the patient the hand 
swings about like a flail, inertly, till the joints lock and the bony structures 
prevent further movement The limbs tend to assume or to be placed m 
abnormal positions that would normally be avoided If the patient sits up in 
bed, the weight is thrown on the dorsum of the affected hand, so that the 
fingers and wrist are overflexed to a degree that would ordinarily be painful 
Normally, if the forearm be held up vertically, the hand is only slightly 
flexed In a case with cerebellar injury, extensor tone is lost, and the hand 
falls passively into a position of extreme flexion These symptoms illustrate 
the varied disturbances which may follow loss of postural activity, and indicate 
how the case should be examined clinically 

(2) Attitude — The face is usually rotated towards the opposite side, 
and the occiput is approximated to the affected shoulder The homolateral 
shoulder is slightly raised and is m front of its fellow of the other side The 
leg is abducted and rotated outwards, thus giving the body a wider basis 
of support The weight is thrown on the sound leg, and so the trunk is 
bent with the concavity towards the affected side Giddiness (vertigo) is un- 
common, except immediately after the injury, and when present has no 
constant relation to the side of the injury In cases of tumour, external 
objects appear to move away from the side of the lesion, and the body tends 
to follow suit, the head and shoulder, as mentioned above, turning away 
from the affected side 

(3) Spontaneous Deviation — If the eyes are closed and the arms are 
held straight out m front of the body, they normally remain quite steadily 
in this position In cerebellar disease, the homolateral arm sways slowly or 
quickly outwards, away from the symmetrical position, and then comes to rest 

(4) Barany’s Pointing Test— The patient lies m bed, and a tape is 
held above the bed , he is asked to touch a certain spot on the tape, then 
close the eyes, bring the finger down to the bed and then raise it again to 
the original spot on the tape As the movement is repeated, the finger gradu- 
ally deviates outwards Both this sign and spontaneous deviation are not 
due to loss of muscle sense, because the patient is aware of the position of 
the deviating finger and can touch it with his normal finger They result 
from some disturbance of postural activity 

(5) Static Tremor — There may be slight oscillations of the head and 
trunk in any direction, owing to irregular contraction of the muscles which 
maintain attitude If the arm is held out, a tremor develops after some time 
which consists of a slow downward and a quick upward movement The 
slow displacement is possibly due to the action of gravity on the taxed limb, 
and the quick jerk may be the voluntary effort to get the arm back to its 
original position 

(6) Nystagmus — Normally the postural mechanism keeps the eyes when 
at rest m the central position , when an object is being looked at the gaze is 
a steady one In cerebellar lesions the eyes tend to deviate from the central 
position, some 10° to 30° to the opposite side Why the deviation is in this 
direction is not clear, but having gamed this position the eyes come to xeBt 

20 
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and the position is called the rest point On looking fixedly at an object 
elsewhere in the visual fields, especially towards the affected side, the eyes 
display jerking movements termed nystagmus In character they resemble 
the static tremor described There is a slow swaying movement towards 
the rest point, and a quick abrupt recovery, which is of cortical origin In 
tumour of the lateral lobe the details of the nystagmus are a little different 
The slow swaying movement occurs on looking to the side of the lesion, and 
there is a rapid to-and-fro jerking on looking to the opposite side 

(7) Alteration of the Deep Reflexes — In cerebellar lesions, the jerks 
may be slower than normal and perhaps less vigorous as well, because the 
extent of the contraction produced by stretch depends on the initial degree of 
tone m the muscle, and m cerebellar disease tone is diminished , nor is there 
any tendency to maintain the quadriceps in the £jhoftened~position, so that 
the limb falls quite passively when the twitch passes off If the patient is 
seated on a high stool, it is found that the leg on falhng goes on swinging 

freely to and fro This type of response 
is therefore called the pendulum knee-jerk 
(Rig 385) 

Disturbances of Voluntary Move- 
ment — (1) There is feebleness ( asthenia ) 
of moderate degree, especially in the arm 
This becomes more obviouB when the 
movement is prolonged, or requires 
exertion of much power The muscles 
tire very readily , the arm tends to 
droop if held outstretched for any time 
There is slowness m carrying out every 
phase of a movement — delay m initiating, 
m attaining full power, m commencing 
relaxation, and in reaching full relaxation 
There is reluctance to move the affected 
limb, which lies for long periods in one position Objects are always picked up 
with the sound hand , the affected arm does not smng to and fro m walking 
(2) Ataxia is present — i e clumsmess and disorderkness of movement 
Patients say “ My hand will not go straight, it is drunk , I do not seem 
to be able to do what I want with my hand, though if I get hold of anything 
I can grip it all right ” The ataxy is worse if a movement is hurried or if a 
number of joints are involved It is not affected by closing the eyes, because 
muBcle sense is normal and knowledge of position is unimpaired The 
ataxy has been analysed thus 

(l) Decomposition of the Movement — There is inability to perform simul- 
taneously the various movements which constitute an act The separate 
movements' are carried' out “by numbers” as m a gymnasium Thus, on 
trying to bring the heel on the opposite knee while lying m bed, the heel is 
dragged along the bed till it reaches the knee, and then raised to the proper 
height, then adducted and placed on the knee 

(u) Asynergia — Proper co-ordmation is lacking between the protagonists, 
the antagonists, and the synergic muscles which fix joints Thus the ex- 
tensors of the wrist are normally synergic muscles to 'the flexors of the fingers, 
the former placmg the wrist-joint m the most favourable position for the 



Fig 385 — Cerebellar Knee jerk 

Two responses are shown Note in each case 
the rapid relaxation and the after swing 
ing (pendulum knee - jerk) (Gordon 
Holmes, Lancet, 1922 ) 
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action of the latter (cf p 651) This can be readily seen on attempting to 
flex the fingers with the wrist horizontal or flexed In cerebellar trouble, 
on flexing the fingers the wrist is extended too late or too early, or not at all 
(in) Dysmetna — The for ce employed is ill-adapted to the, aim of the 
movement The hand, shoots past an object 'or is" stopped prematurely 
"Th e_ataxia~is attributed to, lack of cerebellar “ guidance ” of the, centres 
m the cerebral cortex concerned with voluntary movement The synergist 
coinpohent of a voluntary movement is imperfectly employed (asynergia) , 
there is disturbance of the duration of the contraction, of the proper timing 
of one concentration relative to the next (decomposition), and of the proper 
force of contraction (dysmetna) 

These disturbances can be demonstrated by simple clinical tests 
(i) Finger-Nose Test — The patient is asked to bring the tip of the finger 
of the outstretched hand on to the tip of the nose with the eyes shut The 
movement is not begun promptly, the different groups of muscles do not 
co-ordinate efficiently, the shoulder-joint 
is not kept still, and the force is not 
nicely adjusted The finger thus advances 
by a senes of irregular jerks, the move- 
ment being broken up and each phase 
overdone, the finger shoots past the nose, 
or strikes the nose with excessive force 
and “ keeps on rubbing itself in ” 

(n) Adiadochokmesis — The patient is 
ordered to carry out rapid pronation and 
supmation movements simultaneously in 
both forearms The movements on the 



affected side are slower, less regular, and 
the range is less uniform , adventitious 
movements occur at other joints owing 
to contraction of unnecessary muscles 
Because of fatigue and disinclination the 
movements are soon abandoned (Fig 
386) 


Fig 386 — Cerebellar Ataxy Adia- 
dochokinesis 

Records of Rapid Pronation and Supma 
tion of Arm 

Upper curve — on side of cerebellar lesion 
(showing adiadochokmesis) lower curve 
— normal side (Gordon Holmes, Lancet, 
1922 ) 


(3) Gait — On first getting out of bed, the whole body sways irregularly, 
and there is danger of falling to the affected Bide The patient feels as if 
an invisible hand were pulling him m that direction After a time, he can 
maintain his equilibrium fairly well and makes appropriate though clumsy 
movements to regain his balance if it be threatened The gait is frequently 
described as resembling that of a drunken man That is inaccurate , the 
patient walks carefully , he does not trust the affected side, taking short 
steps with that leg and hurrying off it He demates spontaneously towards the 
affected side, and then tries to bring himself back to the original line, thus 
taking a zigzag path 

(I) Speech — This is affected m the same way as any other complex 
movement It may be slow and monotonous, staccato or scanning in char- 
acter , the consonants are frequently blurred, and there is a tendency to 
explosive utterance Great efforts are made to utter any sentence, and these 
are associated with excessive facial grimacmg 

After a time, compensation occurs, and the movements improve m efficiency 
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There is less deviation, less decomposition, and better synergia Excessive 
force and range persist, however, so that the movements remain jerky m 
character 

Clinical Conditions associated with Cerebellar Dysfunction — 

(1) In acute irritative lesions ( e g vascular lesions) of the cerebellum, 
giddiness is severe and forced movements occur, which turn the patient so 
that the face on the side of the lesion is m contact with the pillow 

(2) Tumour of the neocerebellum produces signs closely resembhng those 
already detailed The nystagmus, as stated, consists of a slow to-and-fro 
movement on looking to the affected side, and a rapid to-and-fro movement 
on looking to the opposite side If the flocculonodular lobe is involved, the 
signs are bilateral and mainly involve the trunk (p 606) 

(3) Tumours growing from the sheath of the eighth nerve usually involve 
the cerebellum later in their course 

(4) In disseminated sclerosis , plaques of the disease frequently occur m 
the cerebello-pontme region, and produce signs of cerebellar dysfunction 
such as nystagmus, intention tremor, and ataxy of speech and of other 
movements 

(5) In a group of diseases called hereditary ataxy, of which Friedreich’s 
disease is the best known, the spinocerebellar tracts or other cerebellar 
connections tend to degenerate early, producing characteristic signs 

(6) Lesions of the cord, e g syringomyelia, or tumour, may press on the 
spinocerebellar tracts and cause nystagmus, etc 


STRUCTURE OF CEREBRAL CORTEX 1 METHODS OF DETERMIN- 
ING CORTICAL CONNECTIONS THE ELECTROENCEPHALOGRAM 

Structure of Cerebral Cortex — Histological studies carried out over 
many years have led to the cerebral cortex bemg subdivided mto many areas 
each with its distinctive cellular arrangement The detailed cell structure of 
any cortical area is called its cytoarchitectomcs or its cytoarchitecture It is 
hoped that the results obtained, apart from their intrinsic interest, may help 
to solve problems connected with the localization of function m the cortex, 
as it is believed by some that each cortical area with a distinctive structure 
is a functionally speciahzed zone This view may be correct about some 
cortical regions, eg the visual area, but it does not hold for all cortical 
areas For example the two areas m the precentral motor cortex labelled 
areas 4 and 6 probably subserve some functions in common Again the post- 
central gyrus is subdivided into areas called 3, 2 and 1 which may subserve 
a single coinmon function It must always be remembered that the different 
cortical areas are closely knit together as will be described later (p 616) 

According to Economo, m typical regions of the cortex, six cell layers 
can be recogmzed which are numbered I to VI from without inwards 
(Fig 387) 

Layer I Molecular layer , which contains numerous dendrites, axons, 
and glia cells 

1 Economo, Cytoarchitectomcs of the Human Cerebral Cortex, London, 1929 McCulloch, 
Physiol Bsv , 1944, 24, 390 , Res Publ Assoc nerv ment Dis , Frontal Lobes, 1948 
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Layer II External granule layer, consisting of small densely packed 
cells (< granules ) which are round, polygonal or triangular m shape 

Layer III External 'pyramidal layer which contains large pyramidal 
cells, usually increasing m size from without inwards 
Layer IV Internal granule layer, resembling layer II 
Layer V Internal pyramidal 
layer , consisting typically of 
cells which resemble those found 
in layer III 

Layer VI Fusiform cell 
layer, consisting of long 
spindle-shaped cells arranged 
perpendicularly to the surface 
The arrangement of the 
nerve fibres in the cortex is 
shown diagrammatically m Fig 
387 There are three principal 
bands of transversely running 
fibres m layers 1, 4 (outer line 
of Baillarger), and 5b (inner line 
of Baillarger), respectively The 
longitudinally running fibres 
penetrate outwards as far as 
layer 2 

In addition to the three 
types of cells already referred 
to, i e the granule, pyramidal, 
and fusiform cell, there are 
special cells m certain regions, 
e g giant cells of Betz (60-120 /x 
by 30-80 /t) in area 4y in 
the precentral gyrus and the 
giant stellate cells in the visual 
cortex 

Apart from the typical 
cortex just described (or 
isocortex) there is the allocortex 
which is constructed on an 
entirely different plan The 
allocortex includes the uncus, 
hippocampus, and the gyrus 
dentatus , m man it con- 
stitutes about one-twelfth of the 
cerebral surface In some 
species, however, for example 
the hedgehog, it may form about three-fourths of the surface 

The cortical grey matter differs m thickness m different regions, eg or 
an average on the convexity it is 3 5 mm , at the base 3 mm , and on the media, 
surface 2 7 mm The maximum thickness (4 5 mm ) is found in the pre- 
centnl gurus and the anterior -part of the temporal lobe the minimum 



Fxq 387 — Diagram of the Layers of the 
Human Cerebral Cortex On the left, 
I to VI, are the cell layers , on the 
right, 1 to 6, are the fibre layers as they 
appear m specimens stained by the 
Weigert-Pal method Layers 4 and 5b 
are respectively the external and internal 
lines of Baillarger (Economo, Cytoarchi- 
tectomcs of the Human Cerebral Cortex, 
Oxford University Press, 1929 ) 
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(1 3 mm ) is at the frontal and occipital poles The grey matter is twice as 
thick on the crown of a gyrus as in the furrow 

According to Economo, five fundamental types of isocortex may he 
differentiated , types 2, 3, and 4 are essentially alike and differ one from the 
other in details , types 1 and 5, on the other hand, contain very obvious 
distinctive features (Eig 388) 

Types 2, 3, and 4 — These have the six typical lammse previouslv 
described 

(l) Type 2 — Frontal type (anterior two-thirds of the frontal lobe, superior 



Agranular Frontal Parietal Polar Granular 


Fia 388 — Diagram of the Five Fundamental Types of Structure found in the Cerebral 
Cortex (Economo, Cytoarchitectomcs of the Human Cerebral Cortex, 1929 ) 

parietal lobule, and part of the temporal lobe) The granule cells are 
triangular 

(n) Type 3 — Parietal type (parietal lobe and junctional region of parietal, 
occipital, and temporal lobes) There is an increase in the depth and density 
of the two granule layers II and IY, and these cells are round in shape , the 
pyramidal cells are smaller, slender, and more numerous 

(m) Type 4 — Polar type (only at the frontal and ocoipital poles) The 
cortex isjnarrow, and all the layers are reduced m depth though the cells are 
more densely packed 

Type 1 — Agranular cortex — This is characteristic of the excitomotor 
regions of the cortex and is thus found m the posterior third of the frontal 
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lobe anterior to the fissure of Rolando It is however also found on the 
convexity and medial surface of this region, in Broca s area, and the anterior 
part of the island of Red As the name imphes, granule cells are completely 
absent , the cells m layer II and IY have become pyramidahzed, i e replaced 
by pyramidal cells 

Type 5 — Granular cortex — This is characteristic of the sensory zones, 
e g the postcentral gyrus (general body sensation), calcarme region (vision), 
Heschl’s gyrus (hearing), The granules have largely replaced the pyramidal 
cells in layers III and V, i e the cells have become granuhzed In the visual 
cortex the internal granule layer IV is divided into two parts by transversely 
r unni ng fibres (the line of German) 

Maps illustrating some of the cytoarchitectomcally discrete areas are 
shown in Figs 407, 430 et seq , such maps are useful when stimulation or 
extirpation experiments are planned to determine more precisely the functional 
attributes of different cortical regions 1 

Methods of Determining Cortical Connections — (1) Use of Wal- 
lerian Degeneration and Chromatolysis — (i) If the cell of origin 
of an axon is destroyed, the axon undergoes degeneration throughout its 
course , the path taken by the degenerating axon from its origin to its 
termination can be followed using the Marchi staining technique (p 499) 
Thus if the “ arm ” area of the motor cortex is excised, the degenerating 
arm fibres of the pyramidal tracts can be traced through the central nervous 
system to end in the lower cervical and upper thoracic cord (Fig 412) 
Similarly, if a nucleus m the thalamus is destroyed, the axons from the 
nucleus can be traced to their teimmations m the cerebral cortex 

(n) If an axon is cut, its cell of origin undergoes chromatolysis (p 494) 
Thus, if the corticospinal fibres are cut in the medullary pyramid, their cells 
of origin m the motor area show chromatolysis 

(2) Electrical Methods — (i) As the nerve impulse is accompanied 
and signalled by a spike potential, the route and site of termination of nerve 
fibres can be demonstrated by electrical means Thus by exploring various 
points m the central nervous system with micro-electrodes, when a certain 
tract is transmitting impulses, the course followed by the tract can be 
determined This method has been used to trace, e g the course of the central 
auditory pathway (m the lateral lemniscus), and that of the pyramidal tract 
(n) The points of termination of impulses from various sense organs in the 
cerebral cortex can, similarly, be determined A minute electrode, placed on 
the surface of the cerebral cortex, picks up the spike potentials developed m 
its neighbourhood A sense organ (eye, ear, skin receptor) is stimulated , the 
impulses set up finally reach the related “ receiving ” area m the cerebral 

1 It must bo remembered that, as the’ necessary histological work is extremely difficult 
and time consuming, very few brains in any one species have so far been exhaustively 
studied As many cytological features must be taken simultaneously into account m 
delimiting an area, the results reported by different mvestigators show significant differ- 
ences The margins of the described areas are not sharply defined, but a gradual trans- 
formation seems to occur Most workers use the map prepared by Brodmann which 
must, however, bo regarded as merely a first approximation which is undergoing pro- 
gressive modification as experience grows 

For a critical appraisal of the value of the results of cytoarchitectomc studies see 
r mT j I, Stud,e3 tn ^urology, 1948 Walshe goes so far as to suggest that some 
ot tho dotails appeanng m cytoarohitectonic maps may constitute contributions to neuro- 
mythology rather than to neurology 
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cortex where their arrival can be detected by the occurrence of a sudden 
burst of electrical activity By such means we can determine m detail how 
any sensory field is projected on to the cortex (p 568) 

(m) Physiological Neuronography 1 — This method is a very valuable 
modification of the electrical technique just considered A piece of blotting- 
paper a few square millimetres m area is soaked m a strychmne solution 
and apphed to the surface of the cerebral cortex , the strychmne stimulates 
the nerve cells locally, causing them to discharge , the nerve impulses, so 
generated, travel along the axons into the white matter to reach another 
area of the cortex or some subcortical nucleus Let US' suppose that we are 
dealing with nerve fibres arising in cells m region A in Fig 389 and passmg 
into the white matter to re-enter another region of grey matter, B, thus 
establishing connection with it An electrode placed over B detects the arrival 
of the nerve impulses by recording the associated electrical disturbances (the 
spike potentials) Fig 390 illustrates an experiment m which application 
• I I , . of strychmne to the area 

KE A I 1 1 A shown as a black square 

gave nee to spikeB in the 
points labelled respectively 
a and b, proving that fibres 
from the stimulated zone 
made connections with the 
latter regions ThiB potent 
technique has revealed an 
extremely complex system 
of interconnections in the 
cerebral cortex (i) within 
areas which are cytoarchi- 
tectomcally discrete , (n) 

between discrete areas on 
the same side , (in) between 
such discrete areas and 
corresponding points m the 
opposite cerebral cortex via the corpus callosum , (iv) between specific 
regions of the cerebral cortex and various subcortical gangha Some of 
the connections demonstrated by this technique are illustrated m Fig 390, 
which should be consulted The fact 'that corresponding points m the two 
hemispheres of the cerebral cortex are linked together is of great 
importance because it enables functionallyljf identical areas m the two 
hemispheres to act as a physiological unit 

The Electroencephalogram — The electroencephalogram is the record 
obtained using indirect leads, of the changes m electric potential taking place 
m the grey matter of the cerebral cortex , the electrodes are placed on two 
points on the surface of the skull A typical human record is shown m Fig 
391 Most of the waves normally recur at a rate of 9 or 10 per second ( alpha 
waves) , their amplitude is about 50 microvolts This kind of record does 
not represent the activity of a single cell or of a few cells, but is the algebraic 
summation of the spike potentials generated by a mass of closely packed cells 

1 For review see McCulloch, m Bucy, Precentral Motor Cortex, University of Illinois. 
2nd edn , 1950 



Fig 389 — Diagram illustrating the Principle of 
the Method of Physiological Neuronography 

Cells give rise to axona, which run In the underlying white 
matter to re enter the grey matter and there end 
Application of strychnine at A to the cells stimulates 
them , impulses pass along the axons to the connected 
region of cortex B, whore they can be recorded as 
" spikes ” by a locally placed electrode 
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The only circumstances under which the summed potentials, led off from a 
mass of cells, could appear as fairly regularly recurring potential waves, 
would be when many cells were discharging approximately synchronously , 
at the same rate , if the cells were discharging asynchronously and at different 
rates, the resulting record would consist of innumerable irregular excursions 
The large ^regular alpha waves appear only m the absence of mental 
and "especially of visual activity, the eyes must be closed and the mind 
must be at rest , as soon as the eyes are opened, the alpha waves are re- 


placed by very small irregular 
oscillations {Fig 391) After 
the subject has been in the 
dark for some minutes, the 
alpha waves may persist even 
when the eyes are open, so 
long as nothing is being loolced 
at, but if some invisible object 
is bemg fixated in the dark, 
the alpha waves disappear 
It.is clear from these results 
that the cortical cells, when 
not engaged in any specific 
task (i e when they are “ at 
rest ”), discharge synchron- 
ously about 10 "times ’per 
second , their pattern of 
“ inactivity,” so to say, is 
a mark-time beat Purposive 
activity of the cerebral cortex 
is associated with a complicated 
pattern of discharge of the 
cells mvolved, which gives rise 
to an undecipherable record 
when the usual indirect leads 
are employed 

The clinical significance 
of electroencephalographic 
records is considered m 
detail on p 624 It is first 



Fig 390 — Physiological Neuronography (Dusser 
de Barenne and McCulloch, J Neurophysiol , 
1938, 1 , 73 ) 

The Inset showB the motor area (area 4) of the cerebral cortex 
of Macaca mulatto. 1, A, V represent leg, arm, and face 
areas respectively The small black square is the area 
to which, the strychnine solution was applied The small 
dots, labelled a and b respectively, are the regions in the 
arm area (A) from which the electrical potentials were 
recorded 

1 Control electrocorticogram from arm area 2, 3 Electro- 
corticogram from region a and region b respectively, at 
the height of “ strychnine spikes ’’ (the spikes are the 
long heavy down strokes in the record) These records 
prove that the axons from the stimulated area re enter 
the cortex at a and b , in the technical terminology 
employed, areas a and b have been ‘ flred ’ from the 
stimulated region 


necessary to discuss the fundamental question of how cortical potentials are 
produced under the resting conditions described above 

Mode of Production of “Resting” Cortical Potentials — Two 
possible explanations will be considered (a) the cortical cells possess an 
inherent rhythmicity ( e g hke the smo-auncular node) and, when not subjected 
to external influences, spontaneously generate impulses at a regular rate , 
(b) the discharge of the so-called “ resting ” cortical cells is due to a regularly 
recurring stimulus coming from another part of the brain Experimental 
evidence shows that the “ restmg ” cortical discharge is due to the existence 
a r consisting of cortex— >thalamus-^ycortex , the cortex stimulates 

the thalamus which m turn stimulates the cortex again , the cortical cells 
discharge every time the circuit is traversed Hitherto psysiologists have 


» 
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attempted to explain all types of neural activity solely in terms of reflex 
arcs of varying degrees of complexity Tlie closed circuit, which may also be of 
varying complexity, represents a conception of neural organization, hitherto 



Fig 391 — Normal Human Electroencephalogram (EEG) 

A Normal record token with eyes closed, showing alpha waves 

B Normal record On opening the eyes the regular alpha rhythm Is replaced by small 
irregular oscillations The normal waves return on closing the eyes Time in seconds 


unrecognized, and one of great interest and importance The evidence is as 
follows 

( 1 ) An electrocorticogram is obtained in animals by leadmg directly from 
the exposed surface of the cerebral cortex , the record (Fig 392) resembles 
m a general way the indirectly obtained electroencephalogram, in that it 
consists of a more or less regular senes of potential waves In the motor 
area these waves are mainly generated by layer V , thus if the outer four 

layers of the motor cortex are 

, r see - HJ destroyed, the record remains 

m substantially unaltered m 

character , if layer Y is also 
destroyed, the frequency of the 
waves becomes lower and their 
voltage becomes smaller 

J y « (n) (a) The potential waves 

i in a restricted area are unaffected 

by a circular cut which isolates 
' the region of cortex under 

' examination from the rest of 

1 — 1 the cerebral grey matter , on 

Fig 392 — Electrocorticogram from Motor the other hand, undercutting the 
Arm Area (A4) of Brain of Macaque cor ti C al area, that is, severing 
(Dusser de Barenne and McCulloch, J ,-t ■> , A , „ 

Neurophysiol ) tlie vlute fibres entering and 

. leaving it, abolishes the waves, 

Note that this record is taken directly from the surface ° ,1 , j. 

of the cortex proving that they are not 

generated “ spontaneously ” 

(b) Transection of the brain stem at the level of the medulla or midbram 
does not significantly modify the waves , but they are abolished by a deep 
cut through the cerebral white matter severing the connections between the cortex 
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BEFORE UNDERCUTTING AFTER 


Fig 393 — Severing Thalamo cortical Connections Abolishes the Resting 
Electrocorticogram (Barenne and McCulloch, J Neurophysiol , 1941, 

4, 307 ) 

Experiment on macaque under Dial anjesthesia 

Records on left and right are taken respectively before and after deep undercutting of the senson motor 
cortex (as illustrated in the central panel), severing all thalamo cortical connections on that side 
A4, A2, A5, A7 are records taken from arm areas 4 (motor), 2, 6, 7 (sensory) Note the normal 
electrical activity m the control records After the undercutting operation, all electrical activity is 
abolished 


and the thalamus (Fig 393) The resting electrocorticogram thus depends on 
the integrity of the connections between cortex and thalamus 

(c) A further clue is provided by the following experiment In certain 
states of anaesthesia, the cortical potential waves occur in groups separated 
by intervals of inactivity Appropriate stimulation of the medial thalamus 
during these silent intervals can set up typical runs of alpha waves in the 
cortex (Fig 394) 

The experimental results demonstrate the existence of a closed circuit, i e 



Fig 394 — Stimulation of Medial Thalamus Produces Cortical Potentials Resembling 
the Normal Resting Electroencephalogram or Electrocorticogram (Monson and 
Dempsey, Amer J Physiol ) 


lightly anesthetized cat electrocorticogram from middle suprasylvian gyrus 

p^offeeM^eS 8 actm?y e “ Cy ° f ^ BeCOnd ’ appearin § Sn bursts and ^mating with 

B : fr^! n t ^ e =h^ d A n ^ cated b /-£° , ,en ^ lowest line) the medial thalamus was stimulated at the 
s ,‘P al Electncal waves develop in the cortex, resembling those of the norma! 
Than wa C VM h ^l^»r the Tv Vea wax and wane in magnitude, and show a (uniform frequency 
&1 co 0 n“echo e nT e ^ ’ ** aPPear 10 Meas ° f 00rtes is ^d^xcept for 
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Area 


395 — Map of Cerebral Cortex of Chimpanzee 
Showing Position of Suppressor Bands 
(Shaded) 8s, 4s, 2s, 19s (McCulloch, in 
Bucy, Precentral Motor Cortex, 1944 ) 
4“=motor area, areas 1, 6= postcentral sensory 
cortex 


Suppressor Bands — Using the 
technique of physiological neurono- 
graphy, Barenne has demonstrated 
five regions of the cerebral cortex 
which, on bemg stimulated, abohsh 
the resting cortical potentials These 
regions are known as suppressor 
bands (Fig 395) , they are called, 
respectively, area 4s, in the precentral 
cortex, lying between areas 4 and 6 , 
area 8s, anterior to area 6 , area 2s, 
m the postcentral cortex , area 19s, 
anterior to the “ visuopsychic ” 
cortex , and area 24s, m the cmgular 
gyrus The suppressor bands have 
two functions 

(i) They inhibit the resting electro- 
corticogram 

(u) They give rise to a long, 
descending, relaying, inhibitory path- 
way which decreases the activity of 
the lower motor neurones 

(1) Suppression of Electko- 
corticogram — When strychnine is 
apphed to any one of the suppressor 
bands, spikes appear m the same 
area , % e stimulated cells m the 
suppressor band send impulses which 
reach other parts of the same sup- 
pressor band, (when spikes appear 
m a cortical area, that area is said to 
be "fired” an area that is fired is, 


a continuous flow of nervous 
impulses from cortex to thalamus 
and back again to cortex The 
thalamus stimulates the cortex, 
setting up the synchronized dis- 
charge constitutmg the alpha 
waves , the cortex, by a descending 
discharge, reactivates the 
thalamus, and so the cycle 
continues The cycle may be 
arrested m deep sleep, with con- 
sequent cessation of the cortical 
waves, possibly because of some 
blockatthethalamiclevel, thecycle 
is resumed on wakmg These results 
indicate that the cerebral cortex 
is integrated with the thalamus 
to constitute a functioning unit 



Fig 396 — “ Firing Diagram ” summarising 
Intra cortical Connections and Suppres 
sion Effects (McCulloch, m Bucy, 
Precentral Motor Cortex, 1944 ) 

The top line of the diagram indicates the designated 
cytoarchitectonic area Strj chmne was apphed 
to the area indicated by a triangle, thus A 
Y indicates the area to which impulses pass, t e , 
with which connections are made , these are the 
areas which are “ fired ' The diagram shows 
that area 6 “ fires ’ areas 8s, 4s, 4, 1, 5, 39 , area 
4 fires areas 1, 5 , sensory area 1 “ fires ’ 
areas 4, 4s, 6, 39 It is interesting to note that in 
addition to receiving impulses from sensory 
areas, the precentral motor areas also send im 
pulses bach to the postcentral sensory and other 
areas as well down to lower levels in the brain 
and spinal cord 

The diagram shows that each suppressor band 
abolishes activity (shown by a horizontal line) 
in all the cortical areas studied except its own 
(which is " fired ’ ) 


i 
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thus, one winch receives impulses from tlie strychnine- stimulated region) 
But if leads are taken from any other cortical area it is found that stimulation 
of the suppressor hand causes no 
impulses to be sent to other cortical 
areas ( i e these areas are not fired) , 
but, as mentioned, the “ restmg ” 
cortical potentials in these regions are 
extinguished (disappearance of the 
cortical potentials is shown in the 
“firing diagram” by a horizontal line, 
thus — ) (Fig 396) Fig 397 for 
example shows that stimulation of 
the suppressor band 4s depresses the 
electrical activity of the motor cortex 
Mechanism of Suppression — The 
mechanism is the same for all the 


CONTROL 




AFTER STIMULATION 
OF SUPPRESSOR BAND 


3 


RETURN OF ACTIVITY 


Fig 


suppressor bands , impulses passdown 
from the suppressor band to the 
caudate nucleus (Fig 398) which is 
r ‘ fired '"From the caudate nucleus, 
i mpuls es pass to~the thalamus which 
is* mkihited, as shown ~ by the fact 
thaVfhe restmg thalamic potentials 
are depressed Inhibition of the 
tha lamus blocks the passage through 
itoftHe normal cortico-thalamo-cortical 
impulses which maintain the restmg 
cortical potentials These cortical 
potentials consequently disappear 
(Figs 399, 408) 

It jseems probable that all regions of 
thejcortex maintain closed excitatory 
circuitS 'with the medial nuclei of ”the 
thalamus The lateral nucleus jjf^the 
tha lainl is, on^the-other hand, merely 
relays impulses from the skm and* muscles of the face, arm, and 
the postcentral cortex (Fig 357) The suppressor path from the 


397 — Suppression of Electrical 
Activity m Motor Cortex as a Result 
of Stimulation of Suppressor Band 
(Barenne, McCulloch, and Ogawa, 
J Neurophysiol , 1938, 1 , 438 ) 
Experiment in macaque under Dial anaithesia 
The records are taken from the face area of the 
motor cortex (area E4) 

1 Control record showing resting activity 

2 Record taken 11 minutes after application 

of strychnine to the suppressor band 4s 
Note the great reduction m the electrical 
activity , the tall waves have disappeared 

3 Record taken 3 minutes later, showing 

return of electrical activity to the control 
level 


leg to 
cortex 


N C 


_ • 
* * * 1 


V# WiWWtM 


Fig 398 — Stimulation of Suppressor Band Sets up Activity in (“ Fires ”) Caudate 
Nucleus (Barenne and McCulloch, J Neurophysiol , 1938, 1 , 367 ) 

Records are taken from an electrode in the caudate nucleus 

1 Control record 

2 Record taken 5 minutes after applying strychnine to the suppressor band A4s (t e the arm region 

oi wus band) The large upward spikes indicated by asterisks represent activity developing in the 
„ caudate nucleus ( firing of caudate nucleus) 
o iiecord taken 10 minutes later , the induced activity has subsided 
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via the caudate nucleus to the thalamus normally maintains a continuous 
inhibitory influence on the level of the “resting” cortical activity 
Thus an acute destructive lesion of the caudate nucleus (severing the 



Fig 399 — Stimulation of Tia 400 — Descending Inhibitory Pathway from 

Caudate Nucleus Sup Suppressor Bands via Keticular Nuclei of 

presses Electrical Activ- Brain Stem to Spinal Cord (After 

lty m the Thalamus and McCulloch et al , J N europhysiol , 1946, 

in the Cerebral Cortex 130 ) 


(Barenne and McCulloch, 
J Neurophysiol , 1938, J, 
372) 

Experiment on macaque under Dial 
anajsthesia 

lu 1, 2, and 3 the records from above 
downwards are ETG elec 
trical activity of nucleus of 
thalamus (eleetrothalamogram) 
A4 electrical activity of ann 
area of motor area 4 

1 control records showing resting 
activity 

2 records taken after stimulation 
of caudate nucleus by local appli 
cation of strychnine note that 
there are long periods in the 
records in which electrical activity 
is almost completely suppressed 

3 record taken later in which the 
electrical activity has returned to 
its control level 


Midsngittal reconstruction of lira In stem (monkey) with 
cerebral cortev superimposed (the parts of the cere 
bral cortex which are treated as transparent are 
indicated by dotted lines) 

4, 6, precentral motor cortex I, postcentral sensory 
cortev 4s, 2s, cortical supressor hands 10, massa 
intermedia CC, corpus callosum 3V, third 
ventricle OC, optic clnasmn SC, superior colliculi 
BP basis pcdunculi P, pons A, aqueductus 
Sylvn C, cerebellum 4V, fourth ventricle 0, 
olive B, hypoglossal nucleus Py, pj ramie) 
+++ , the region of brain stem ( nuclei of reticular 
formation) which is ‘fired ’ (activated) when the 
cortical suppressor bands 4s, 2s are stimulated 
Stimulation of the brain stem region + '*- + ( reticular 
nuclei) inhibits the spinal motor neurones The 
descending fibres from 4s and 2s run in the pyramidal 
tract m the basis pedunculi and pons , they are cut 
by a section through the basis pedunculi at a The} 
end m the reticular formation of tlie pons and 
medulla , the next relay, the reticulospinal fibres, are 
not cut by a section at p through the upper medullar) 
pyramid 


suppressor pathway) is followed by the development of exaggerated 
electrical activity both in the thalamus and in the cerebral cortex It 
follows that impulses from any source that modify the excitability of tbe 
medial thalamic nuclei may alter the amplitude, frequency, and other 




DESCENDING INHIBITORY PATHWAYS 


623 


characters of the resting electrocorticogram or electroencephalogram Stimu- 
lation of the hypothalamus (surprisingly) sends impulses up into the thalamus 

and alters the pattern of lifHTX 

cortical activity The waves , f jjj , f '(/ 

k m , m 

show characteristic features m //// I j jl , 

//// «■ I' 1 1 

make-up, or the state of health f If I / 

of the organs m _J [| [ Mfc jffllil L i 1 

ge °(2“ Desoeot™ IMS. |t. --Ill 

tory Pathway to Lower t * ’ 

Motor Neurones — Prom ‘ 1 1 — ' — > — 

the suppressor bands ABC 

descending fibres arise which 

give collaterals to the caudate tOl-Descending Inhibitory Pathways from 

^ * ■, - j j Nuclei of Reticular Formation of Brain Stem 

nucleus andreceive descending {Magcnm and Rhmes, J Neurophysiol , 1946, 9, 

fibres from that nucleus The 165 ) 

fibfes~'from the cortex and a During lower signal stimulate internal capsule (pyra- 

MYidn+,e rmrlpnsj ond in +hr> midal tract) to produce flexion of hind limb During 

cauaate nucleus end m Jtne upper s £ mulate reticular nuclei m brain stem 

nuclei Of ,the reticular 'forma- Temporary Inhibition of muscular contraction 

U, .-i -i - B Records from above downwards knee-jerk, flexor 

lion throughout the Drain reflex , bbnk reflex (ebcited at 2 sec intervals) , signal 

stem In 702 Pig 400') Prom line During signal stimulate reticular nuclei A11 

'v , ’ o { — »- — , the reflexes are inhibited In the case of the knee-jerk 

these nuclei, reticulospinal there is post inhibitory rebound 

fibrpq QTioc whiob orrl rnnrw) C Records from above downwards contractions of fore 
UDres anse wrnen ena rouna Umb and contraction of hind limb ebcited by stimuh 

the cramal and spinal lower applied at short intervals to motor cortex , signal Imp 

j 77, During signal stimulate reticular nuclei Temporary 

motor neurones and— inhibit inhibition of responses followed by some rebound 

their a ctivity 

THe functions of this inhibitory pathway are illustrated by the following 
observations 

(i) Stimulation of the suppressor area_4s abolishes muscle tone and inhibits 
any movements which are taking place at the time Stimulation of the 

relay nuclei m the 

reticular formation hke- 
III I ll| | wise produces inhibitory 

1111 Mi 1 effects, it inhibits reflexes 

J j J-l A.J-J i-U-U-L I 1 , UJ . U XllJJ-LtU. U JJ- m volvmg the face (e g 

i minute a- 4 -s bhnk reflex), the arm or 

■ i . i i i i ii i . j. i i i .1 i i i 1. 1 1. 1 i i i i i t i i t f the leg (e g knee-jerk) 

Fiq 402 — Stimulation of Suppressor Band Annuls (Pig 401) 

Effect of Stimulating Motor Cortex (Barenneand (u) A cortical motor 
McCulloch, J Neurophysiol , 1941, 4, 315 ) pomt , g simulated at 

Stimulate arm area (A4) of motor cortex to produce wrist extension romtlar 4 -~ 

at internals of one minute throughout the Pig At the muerV&iS tO 

arrow, brief stimulation of suppressor area 4s Note that the produce a movement e a 

response to motor cortex stimulation rapidly disappears and ~~ , , v 

then slowly recovers Time in minutes WHSt> extension Willie 

this background activity 
is taking place the suppressor area 4s is stimulated for a short time After a 
latent period, the muscular contractions m response to motor cortex stimulation. 


t MINUTE 


t 

A- 4 -5 


cortical motor 
stimulated at 
intervals to 
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diminish and ultimately disappear , recovery of the response gradually 
develops (Fig 402) It may be concluded that the inhibitory pathway from 
the suppressor area to the spinal cord competes with and gradually annuls 
the excitatory effect at the spmal motor neurones produced by impulses 
passmg m the pyramidal pathway 

(in) Extirpation of area 4s releases the lower motor neurones from a tome 
inhibitory influence thus giving rise to increased muscle tone of characteristic 
distribution (spasticity) and exaggerated deep reflexes These changes are 
similar to those observed in clinical hemiplegia The inhibitory fibres from 
area 4s are probably intermingled with the pyramidal tract fibres in the 
internal capsule, m the midbram [basis peduncuh] and m the pons The 
next relay, the inhibitory reticulospinal fibres, are not associated with the 
pyramidal fibres in the medulla (Fig 400), but may rejoin them in the spmal 
cord It is hkely that the changes in posture and reflexes m clinical hemiplegia 
are not due to injury to the pyramidal tracts but to mvolvement of the 
inhibitory pathway (p 645) 

As area 4s is so closely associated anatomically with the motor area 
(Fig 407) the results of stimulation or extirpation of the motor area may be 
seriously modified by accidental involvement of the suppressor area 

CLINICAL ELECTROENCEPHALOGRAPHY 1 

The objects of clinical EEG recording are — 

(i) to obtam an idea of the distribution of the electrical activity over as 
wide an area of the cortical surface as possible , 

(u) to observe, simultaneously, activity arising m different parts of the 
brain , 

(m) to obtain a contmuous recording for as long a period as possible 
from various parts of the brain so as not to miss abnormal activity which 
may occur only sporadically , 

(iv) to observe the response to certam standard test situations ( evoked 
activity) To attam these objects it is desirable to use a multiple amplifier 
EEG machine which enables several records to be obtained simultaneously 
Usually six simultaneous traemgs are taken Many electrodes are placed on 
the scalp and connected m pairs to the EEG machine so as to give antero- 
posterior and transverse “ cross sections ”of the brain m all areas Each 
tracing (Fig 403) is a complex rhythmic wave which seldom, if ever, repeats 
itself precisely 

It is an obvious preliminary to the classification of abnormal rhythms 
that there should be some method of analysing and classifying the “ normal ” 
record in all its range of variation This difficult undertaking can be accom- 
plished mstrumentally The analyser most widely used m Bntam makes, 
automatically, an analysis of the EEG tracmg every 10 seconds, and writes 
out a histogram of the wave components underneath the complex wave 
tracmg to which the analysis refers (Fig 403) The analyser gives the answer 
in terms of the relative amphtudes of the pure wave (sine wave) components 
present m the complex wave analysed This form of analysis is known as 

1 Res Publ Assoc nerv ment Dis , Epilepsy, 1947 Gibbs and Gibbs, Atlas of 
Electroencephalography, 1941 , vol I, 2nd edn , Massachusetts, 1950 Hill and Parr, 
Electroencephalography, London, 1950 

Section contributed by W F Floyd. 
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Fourier analysis and is applicable to any complex recurring waveform (e g 
sound waves , tlie cochlea is an acoustic analyser, operating m a similar 
manner) 

For convenience of description the frequency spectrum from 1 to SO cycles 
per sec (c/s) is divided into five bands as shown in the following table This 
range covers all the frequencies present m most EEC records to which 
attention has so far been paid 

Frequency c/s Band 

1-3 5 delta (3) 

4-7 theta (0) 

8-13 alpha (a) v/ 

14-18 beta (j0) 

20-30 gamma (y) 

The alpha rhythm is the mam rhythm ordinarily found m the normal 
adult ~ its amplitude is some 50 gV It is usually a complex wave with two 



Fig 403 — Normal Human Electroencephalogram and its Analysis 
Upper record E B G , Channel 5 

The disposition of the surface electrodes on the head is shown m mset (top = front, bottom— back 
of head) 

lower record Analysis of Channel 5 

The height of each wave is proportional to the magnitude of the contribution of the particular 
wave frequency 


or three pure wave components, all of which he within the alpha band (as 
defined above), but the relative amplitudes of the components may vary 
continuously The alpha rhythm is present maximally m the occipital and 
paneto-occipital area, and is usually diminished during visual activity and 
mental effort The alpha rhythm as thus defined is not simply rhythmic 
activity falling m a particular frequency range (8-13 c/s), but it involves 
cortical localisation and a particular response characteristic However, the 
term " alpha rhythm ” is sometimes used more loosely to describe any 
rhythmic activity the frequency of which lies within the alpha range 

In some adults a low amplitude (10 fiY) theta rhythm is also found, 
usually over the parietal and temporal areas During sleep, delta waves 
may appear, and may reach an amplitude- of 100 /tV, and are* found diff usely 
over all areas of the brain 

In children, electrical activity is present in the brain from birth onwards, 
but can only be recorded at first during sleep From 3 months of age onwards, 
rhythmic activity is detectable m the occipital region, at first at 3-4 c/s and 
increasing in frequency as the age advances The normal adult rhyt hm is 
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established by 8-10 years In old age the maturation process is reversed) 
semhty being accompanied by some slowing of the rhyt hm 

Evoked Activity — Three methods are commonly used m clinical work 
to evoke EEG response patterns 

( 1 ) Overventilation The response of the normal subject to overventila- 



Fig 404 — Electroencephalogram in an attack of Petit Mai 
Records from above downwards f channel 1 (right), 2 (left), 3 (right), 

4 (left), 5 (right), 6 (left) Inset shows disposition of surface electrodes 
on head (1, 2, anterior , 5, 6, posterior) 

Left-hand part of records normal waves At signal attach sets in 
Note Spike and Wave ’ in all leads 

t,ion for several minutes is often ml, but wide variation is seen The procedure 
may evoke high voltage delta.actmty of 2-3 c/s sometimes theta activity 
(4r-7 c/s) is also present The delta activity appears in 1-2 minutes and 
ceases within a few seconds of cessation of overventilation The clinical 
test is usually a 3-4 minute period of overbreathmg (marked increase of 
depth but not usually of rate) 

(n) Photic Stimulation A powerful flashing light is directed into the eyes 
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and the frequency of flashing is varied Normal subjects show a variety of 
responses, of which one of the commoner is the appearance of the flicker 
frequency as a component of the EEG rhythm 

"'(ui) Chemical Stimulation Certain drugs, eg leptazol (pentamethyl- 
enetetrazole), or insulin, are administered, usually intravenously, m an 



Fig 405 — Electroencephalogram showing “ Focus ” 

Inset Disposition of electrodes across anterior part of head 
Records from above downwards Channel 1 (right), 2 (midlme), 3 (left) 
Examine part of channels 2 and 3 marked bv the right horizontal line 
Corresponding waves have been indicated by the connecting dotted 
lines Note that each wave in channel 2 is similar in shape to the 
wave m channel 3, but is opposite in direction This finding demon 
strates that the abnormal focus is under the electrode which is 
common to channels 3 and 2 (marked by arrow m inset) 


attempt to diagnose epilepsy by the abnormal rhythms so evoked in epileptic 
subjects 

Abnormal Rhythms — Cere bral dysrhythmia is found m a variety of 
pathol ogical states, of which the more' important for diagnostic purposes 
are the epilepsies, local cerebral lesions, (e g abscess, tumour, or trauma), 
infective conditions and degenerative processes The spike and wave com- 
plex ( dart and dome ” of the American literature) is the commonest 
feature of epileptic records (Eig 404) The simplest type of spike and wave 
complex consists of a smgle spike associated with each wave , the waves 
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occur most often at about 3 per sec Tbe spike amplitude is variable over 
different areas of the brain, but the wave amplitude is more constant and may 
reach 1 mV or more The complex occurs spontaneously m the resting record 
of epileptic subjects (most often m petit mal) As a smgle isolated complex 
appearmg in one or more leads it is usually unaccompanied by any change in 
consciousness as a repeated pattern of cerebral discharge it is generally 
accompanied by a mmor attack with the usual clinical manifestations, such 
as, fixation of head ( e g rotation to left or right), eyes open and starmg, and 
transient loss of consciousness The repeated spike and wave pattern appears 
also as a response to overventilation in some epileptics Its presence m an 
EEG record is diagnostic of epilepsy, but not necessarily of a particular 
clinical entity such as petit mal other features of the record and the patient’s 
chmcal history have to be taken into account m making a diagnosis It is 
also found m some patients with cerebral injury or tumours, but usually 
m these cases the complex is strictly localised to the vicinity of the lesion 
In about 50% of patients subject to major seizures, the mter-seizuxe EEG 



Upper Record EEG, channel 4 Lower Record analysis of channel 4 Compare normal 

findings in Fig 403) 


record is normal In the remainder the abnormal features, including the 
overventilation record, cover a wide variety of patterns, e g the presence of 
delta waves, theta waves, or fast activity (mamly beta) 

It is rare for an EEG recording to coincide with a major fit Such records 
of the major fit as have been made contain high frequency components 
(mainly m the form of “ spikes ”) durmg the tome and dome stages of the 
seizure, preceded and followed by a rhythm containing both delta and theta 
activity components 

EEG records containing typical epileptic wave patterns {e g spike and 
wave complexes or paroxysmal spike discharges) are found in certam cases 
of cerebral tumour or trauma This epileptiform activity is usually restricted 
to the area of the brain mvolved in the lesion and the abnormal activity 
shows a “ focus ” area, i e the wave pattern appears on each side of the focus 
but m opposite polarity (Fig 405), thus producing a reversal of the phase of 
the spikes or the waves over the site of origin (“ focus ”) 

The typical EEG record of an intracranial tumour is one m which slow 
wave activity is the dominant feature , the record is often of high voltage 
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(100 /iV or more) and the delta rhythm component shows, a focus m the 
vicinity of the tumour. In addition there may be a theta rhythm present 
(but usually only if the tumour is deep seated) as well as the normal alpha 
rhythm components The delta waves are often quite irregular m form and 
occurrence, but may be present as a semi-continuous tram of constant ampli- 
tude almost smusoidal waves (Fig 406) The source of the abnormal delta 
rhythm is not the lesion itself but the adjoining cerebral tissue which is under 
the mechanical stress set up by the tumour tissue The effect of mechanical 
pressure on normal cortical tissue is to evoke slow wave activity The greater 
the rate of increase of pressure, the slower the induced rhythm and the 
greater its amphtude Small, slowly growing tumours (e g benign tumours) 
are not so readily detected, therefore, by electroencephalography as are 
rapidly growing tumours (e g an astrocytoma) 


4s, 4 a 


EXCITOMOTOR AREAS PYRAMIDAL TRACTS 
CLINICAL HEMIPLEGIA 1 

Excitomotor Areas — The term excitomotor area is generally applied 
to that part of the cortex of the frontal lobes which on stimulation gives rise 
to skeletal muscle responses As this region hes anterior to the central sulcus 
it is commonly called the 
; precentral motor cortex It is 
divisible into several cytoarchi- 
tectomcally distinct zones (Fig 
407) with fairly distinctive 
functions 

(1) Area. 4 — This occupies 
almost the whole length of the 
precentral gyrus , it extends back 
into the central sulcus itself and 
over on to the medial surface 
of the hemisphere 

Area 4 is the mam region of 
origin of the pyramidal tracts 
(some of these fibres, however, also 
arise from area 6) Stimulation of 
this region produces co-ordinated 
movements of the opposite face, 
arm, and leg , area 4 is thus Fig 407 — Diagram of Precentral Motor Cortex 
frequently called the “ true ” m ( After Bonm, in Bucy, Precentral 
motor cortex (p 633) The JS) G "**' Vmrersity ° f 111,11018 Press ’ 
pyramidal tracts are fully Area 4 is divided into three zones 

considered nn -n CQO 4y, contains ‘giant’ Betz cells 4a, contains no giant 

wiiMTOOnp DW Betz cells 47-area 13 (Walter) A=Betzcellsw 

(z) AREA 6 — This area mainly postcentral area 4s— suppressor band 8, contains 

gives rise to a long descending fronUd eyefleld and suppressor band 83 

relaying excitatory pathway sometimes called the extrapyranndal tract, (some 
of these fibres also arise m area 4) The fibres relay successively m the following 

3 R es Publ Assoc Res nerv ment Dis , Localization of Function of Cerebral Cortex, 
1934 , Frontal Lobes, 1948 Hmes, Biol Rev , 1943, 18, 1 Bucy, Precentral Motor Cortex, 
1944 , 2nd edn , 1949 Walshe, Brain, 1942, 65, 409 
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grey masses (Fig 408) putamen and globus palbdus (of lenticular nucleus) , 
thalamus , hypothalamus , nuclei of reticular formation m the dorsal 
part of the brain stem ; the last relay, the reticulospinal fibres, ends round the 
lower motor neurones The following experiments illustrate the probable 
function of these fibres 

( 1 ) After destruction of the pyramidal tract, stimulation of area 6 is said 
to produce rotation movements of the head, eyes, and trunk m the opposite 
direction, and the opposite limbs carry out complex co-ordinated movements 
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Pig 408 — Descending Pathways from Precentral Motor Cortex 

CortNucl = Corticonuclear fibres (from frontal eyelleld) 

Cort Bulb =corticobulbar fibres (from " face ’ area) 

Cort Sp = corticospinal fibres (pyramidal tracts) 

Suppr =suppressor bands (e g , 4s, 8s) 

1, “ inhibitory ’’ pathway from suppressor band to reticular formation stimulating 

nuclei there 

2, reticulospinal fibres inhibiting spinal motor neurones Section of 1 or 2 produces 

“ spasticity 

Fac =cortical facilitatory area (in area 6) 

3, 4, 5, descending facilitatory pathway stimulating spinal motor neurones 

3, area 6 to globus pallidus, etc 

4, globus pallidus, thalamus and hypothalamus, to reticular formation 
6, reticulospinal fibres, which excite the spinal motor neurones 
Thal=thalamus 

Caud Nucl =caudate nucleus 
9, fibres from cortex to thalamus 

8, thalamo cortical fibres 

9, 8, this circuit»maintains resting electrocorticogram 

6, from suppressor band to stimulate caudate nucleus 

7, from caudate nucleus to inhibit thalamus 
6, *7, suppresses resting electrocorticogram 


of a flexor or extensor character These responses may be mediated by this 
extra-pyramidal path. 

(n) Stimulation of the hypothalamus facilitates the response to motor 
cortex stimulation The experimental procedure is as follows the excito- 
motor cortex is stimulated weakly to produce, say, shght flexion of the ankle 
of one hind limb The cortical stimulus is then combined with appropriate 
hypothalamic stimulation (the latter alone is without effect on movement) , 
the combined stimulation gives rise to movements which are more powerful 
and widespread, e g. the response may now consist of powerful flexion of all 
the joints of the hind hmb accompanied by flexion of the fore hmb (cf Fig 
409, A) 

Hypothalamic stimulation similarly facilitates the response to stimulation 
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of the medullary pyramid even after removal of the entire cerebral cortex The 
hypothalamus thus produces its effect by means of a descending pathway to 
the lower motor neurones 

(m) Facilitation of the effects of pyramidal tract stimulation is also 
obtained on stimulating the thalamus and the reticular formation of the 
brain stem, in other words, any part of the facihtatory pathway detailed 
above 


(iv) Hypothalamic stimulation may facilitate the knee-jerk (Fig 409, B) 

(v) This facihtatory mechanism is possibly damaged in Parkinson’s 



(1) Oortico-Pontme Fibres — These arise mainly m areas 4 and 6 (but 
also from the temporal, occipital, and parietal lobes) to end round the nuclei 
pontis , the impulses are relayed via the brachium pontis to the neocerebellum 

of the opposite side 

(2) Gortieo-Thalamic Fibres — As from most other parts of the cortex, 

1 -pother area controlling eyeball movements is found m the occipital lobe (areas 
17 and 18) (occipital tyefield) 
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fibres descend from the excitomotor area to tbe thalamus forming part of the 
closed circuit consisting of cortex-thalamus-cortex 

Some of the principal descending fibres from the precentral cortex are 
shown diagrammatically m Fig 408 

Pyramidal Tracts — These pass from the motor area to the spmal ventral 
horn cells and to all the motor cramal nuclei except those supplying the 
external eye muscles The pyramidal tracts and their cells of origin constitute 
the wpper motor neurone , the spinal and cramal motor neurones constitute 
the lower motor neurone (p 499) The pyramidal tract fibres to the spmal 
ventral horn cells constitute the corticospinal tract , the fibres to the motor 
cramal nuclei constitute the corticobulbar tract In man the pyramidal tract 
fibres number about one million, of which 40% are non-myehnated The 
diameter of the myelinated fibres varies between 1 and 20 u , the great 
majority (over 80%) are 3 p or less, only 4% are over 10 p and 2% are 11- 
20 p (Fig 410) As the velocity of conduction m nerve fibres is directly pro- 
portional to their diameter 
(p 492) it follows that the 
pyramidal tract is over- 
whelmingly a slowly con- 
ducting pathway The 
pyramidal tracts arise from 
pyramidal shaped cells of 
all sizes (both large and 
small) 1 situated in layer V 
of the motor area, i e 
area 4, but some of the 
fibres however arise m area 6 
(Fig 407) 2 

Course of the Pyra- 
midal Tracts (Figs 411, 
412) — The pyramidal tracts 
converge from the precentral 
cortex through the corona 
radiata to reach the internal capsule This is a mass of white fibres lyingbetween 
the baBal gangha, limited laterally by the lenticular nucleus and medially by the 
caudate nucleus and thalamus In horizontal section the internal capsule is 
Y-shaped, the point of the V looking medially The pyramidal tracts he m 
the bend [the genu], and the anterior two-thirds of the posterior limb [occipital 
part] The fibres from before backwards are concerned with the control of 
head, shoulder, elbow, wrist, fingers, trunk, hip, knee, and toe movements m 
the order named (It should be noted that extrapyramidal fibres, both 
excitatory and inhibitory are intermingled here with the pyramidal fibres) 
Immediately behind the pyramidal tracts lies the condensed sensory path, 
and the visual path a little farther back More posteriorly still he the 
auditory fibres and the temporopontme tract In the anterior hmb [frontal 
part] are found fibres from the frontal lobes mamly (and also from the 
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Fig 410 — Distribution of Diameter of Myelinated 
Fibres of Corticospinal Tract m Man (Lassek, 
J comp Neurol , 1942, 76, 219 ) 


1 The largest pyramidal cells m layer Y of area 4 are called Betz cells , they are 
most numerous m the leg area and fewest m the face area They only number 35,000 m 
all and thus can only give rise to 5% of the fibres of the corticospinal tract 

2 Some workers claim that the cortical area of origin is wider and that some of the 
pyramidal fibres arise from the parietal and temporal lobes also 
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parietal and temporal lobes), to the basal ganglia, the eye nuclei (cortico- 
nuclear fibres, p 637), and other regions of the bram stem (especially the pons) 
Obviously a small injury in this region can produce most widespread motor 
and sensory disturbances (Fig 411) 

In the crus the pyramidal fibres he ventral to the substantia nigra, occupy- 
ing the middle three-fifths of this region [The medial fifth carries the cortico- 
nuclear and frontopontine, and the lateral fifth the temporopontine, fibres ] 
In the pons the pyramidal fibres are broken up into a series of scattered 
bundles by the nuclei pontis and the crossing fibres of the brachium pontis 
Stimulation of the cut surface of the crus and pons m the ape shows 
that there is well-marked localization of the pyramidal fibres for different 


parts of the body (Fig 412, I) From 
without inwards the order of the fibres 
is foot, hip and knees, abdomen and 
chest, fingers and wrist, face and tongue 
Throughout the brain stem, the corticobulbar 
fibres are crossing to reach the motor 
cranial nuclei of the opposite side In 
the medulla the corticospinal fibres reunite 
to form a compact ventrally projecting 
mass, the pyramid The pyramidal tracts 
were so named because they were recognized 
as the tract m the pyramid (and not be- 
cause they arise m pyramidal shaped cellB 
in the cerebral cortex) In the lower 
part of the medulla, the mam pyramidal 
decussation takes place (Fig 412, III) 
Most of the fibres cross over to the 
opposite side and dorsally, to come to 
he m the lateral columns of the spmal 
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Fig 411 — Horizontal Section 
Through the Base of the Brain to 
Show the Basal Ganglia and the 
Internal Capsule {Diagrammatic) 


cord as the crossed pyramidal [lateral ml = Middle lino, Pyr «= pyramidal tract 

corticospinal] tract Some (about 15% Thalamu8 C , aUd! Th F ^Thalamo frontal 

of the fibres) stay on their own side and tract, yp _=Fronto pontine and cortic< 

, t i , . nuclear fibres , Putam = Putamen , 

m tneir original position and contmue gip = Globus paiMua, ln =xenticu- 

mto the cord close to the anterior i £ rea imcIeU3 ’ t p =Tem P oro pontine 

median fissure as the direct pyramidal 

[anterior corticospinal] tract (Fig 412, IV) The crossed fibres ultimately 
connect directly and via dorsal mterneurones with ventral horn cells 

The direct pyramidal fibres are of some practical significance as they may 
be responsible m part for recovery of function after injury to the crossed 
pyramidal fibres , the direct pyramidal fibres do not as a rule extend beyond 
the lower cervical or midthoracic region The pyramidal fibres finally end 
round short mternuncial neurones (situated m the dorsal grey matter of 
the spinal cord) from which the impulses are relayed to the ventral horn 
cells 


Effects of Stimulating Motor Area 1 Results in Apes 1 — In the 
apes the motor area occupies the whole length of the precentral convolution , 
it extends backwards into the fissure^ of Rolando [sulcus centralis] (about 
one-tlurd of the excitomotor area is "Turned ” in the fissure)/ but nevei 
Sherrington and Leyton, Quart J exp Physiol , 1917, 11, 135 
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on to the postcentral convolution At its upper edge it extends down on 
to the medial surface of the hemisphere Its anterior limit is variable and 
frequently indefinite , it may cross into the superior and inferior precentral 
fissures (Pig 413) (In the ape, at least, it seems that the motor area does 
not correspond precisely to area 4 ) 

Electrical stimulation of this region gives rise to coordinated movements 



on the opposite side of the body The 
law of reciprocal innervation holds good 
here the antagonists relax simultane- 
ously with the contraction of the 
protagomsts There are well-defined 
areas m the cortex which give rise to 
specific movements which are restricted 
to narrowly limited parts of the 
body, such restricted movements are 
often called “ discrete ” movements 
Generally speaking, the body is re- 
presented upside down in the cortex, 
i e if stimulation is carried out m the 
excitomotor area from below upwards, 
bodily movements are produced in the 
following order larynx, tongue, jaw, 
mouth, nose, eyelid, ear, neck, hand, 
wrist, elbow, shoulder, chest, abdomen, 
hip, knee, ankle, toes, perineal muscles 
The hand is the part of the arm 

Fig 412 — Course of Pyramidal Tracts 
in Ape (After Leyton and Sherring- 
ton, Quart J exp Physiol , 1917, 
77) 

I Midbrain 
n Pons 

III Medulla (at level of decussation of pyramidal 

tracts) 

IV Spinal Cord (cervical region) 

I Stimulation of the points 6, 4, S, 2, X in the 

midbrain gave rise to movements m the 
opposite side of face, neck, arm, trunk and 
leg respectively 

II Stimulation of the points F, A, L, in pons 

produced movements in the opposite side of 
face, arm and leg respectively 
III, IV To produce Ithese sections, the motor cortex 
on the left side was exposed The arm area 
was demarcated by stimulation and then 
excised Time was given for the pyramidal 
’ arm fibres to degenerate The animal 
was killed and sections of medulla and spina, 
cord were cut and stained by Marchl’s 
method 

III Note that the degenerate ‘ arm ” fibres are 

scattered throughout the pyramid m the 
medulla and are not topographically local- 
ized Note also the beginmng of the 
pyramidal decussation 

VI Note that most of the pyramidal fibres have 
crossed to the opposite side (OPT =scro«scd 
pyramidal tract) , some remain ventrally on 
their original side (DPI =direct pyramidal 
tract) , a few fibres pass back to the lateral 
column of the original side 


dpt 
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SHOULDER 


ELBOW 


FINGERS 


EYES- 


which follows immediately on the face , this may perhaps be remembered 
by considering the close relation of the hand to the face in the taking of 
food The hip follows immediately on the abdomen The toes and the 
perineum are associated together on the highest part of the precentral gyrus 
and extend on the medial surface of the hemisphere 

The situation of these so-called “ centres ” (or “ motor points ”) for specific 
movements is not rigidly fixed anatomically There is a variation m the 
distribution of the “ centres ” concerned with movement of specific parts 
both m different individuals of the same species and in the two hemispheres 
of the same individual Furthermore, the response obtained from any cortical 
“ motor point ” is modified by the previous excitation history of that point or 
of neighbouring or even of distant areas Repetition of a stimulus may give a 
larger response than on the first occasion ( facilitation ) , or the response may 
be found to be reversed, te the point which previously gave rise to flexion 
may now give rise to extension, or there may be deviation of the response, i e 
a movement is obtained toes & perinaum knee hip 

from a different part of 
the body than on the 
former occasion On 
the other hand, following 
stimulation of a motor 
point its excitability 
may dimmish, reaching 
its minimum afterseconds 
or minutes These results 
indicate clearly that the 
motor areas possess a 
functional flexibility and 
that they are readily 
influenced by what is 
going on around them, 

probably because of the ^ ^13 , 

c , i of the Chimpanzee to show the Arrangement ot the 
enormous wealthof neural Motor Centres (After Sherrington ) 
associations between 

different regions Prolonged faradization of any spot may give rise to wide- 
spread epileptiform convulsions (cf p 627) Cortical excitability is depressed 
by acidmmia and enhanced by a bout of overventilation (cf p 408) 

Some further details may now be given (l) Tongue The deviation of 
the tongue may be to the same or the opposite side, and all kinds of complex 
contortions may be produced (u) Jaws When the symphysis is spht the 
response is mainly contralateral (m) Vocal Cords The response is bilateral 
to some extent (iv) The only eye movement represented in the ascending 
frontal convolution is eyelid closure (v) Hand The thumb is represented 
lowest in the hand area and the fingers highest Isolated responses may be 
obtained from the thumb or the mdex finger , occasionally the thumb and index 
respond together as, for instance, by abduction of the thumb and extension 
oi the mdex to produce a kind of “ let-go ” movement In the case of other 
digits isolated movements are rare (vi) Leg The leg centres are more 
commingled than the arm centres (vn) Anus Anal protrusion is usually 
symmetrical, but sometimes even this movement may be mainly contralateral. 
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•Diagram of Outer Surface of Cerebral Cortex 
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Stimulation, of a motor point is not identical with stimulating the cells of 
origin of the pyramidal tract , the whole depth of the grey matter in the 
vicinity of the motor point may he stimulated, including the four layers 

external to layer V, layers which can be regarded 
as massed, mternuncial neurones which receive 
impulses from adjacent and more distant areas 
of the cerebral cortex and from lower levels, 
e g the cerebellum The wealth of the con- 
nections within any cortical area and between 
cortical areas is emphasized m Pig 396 and on 
p 616 The varying activity of this mternuncial 
background will largely determine, m the case 
of any stimulation experiment, which cells of 
layer V discharge, which pyramidal tract fibres 
convey impulses and consequently which lower 
motor neurones are activated It is readily 
understandable that the results of cortical 
stimulation may vary with the “ previous 
history” of the cerebral cortex, in fact, it is 
surprising that approximately similar movement- 
patterns result from cortical stimulation at 
regular intervals It must also be remembered 
that the corticospinal tractB do not end directly 
round ventral horn cells, but connect mainly 
with those dorsal horn internuncials which 
also receive many connections from incoming 
dorsal nerve rootB The effects produced by 
corticospinal impulses in this spinal cord region 
will depend largely on the “ background 
activity” induced m it by afferent impulses 
from muscles and skm In view of the relative 
crudity of the experimental conditions it 
becomes a matter for wonder that the 
stimulation of motor points produces move- 
ments which are so well co-ordinated, display 
perfect reciprocal innervation and, as mentioned 
below, are so suggestive of “ fragments ” of 
voluntary movement 

An enormous variety of responses can be 
Fl cufu 1 a 4 to m a u?trS“the° Re°lXe obtained from stimulation of the excitomotor 
Position and Size of the Motor area m the ape bherrington, lor example, has 
Areas for the different parts recorded more than four hundred types of 
of the body in Man (After movement-pattern produced m this way It 

^Tc'r'onl oncf arm^half^he 18 lm P or tant to emphasize that though the move- 
trunk, and one leg are shown ) ments thus obtained are perfectly co-ordinated 

they are not m themselves complete acts which 
could effectively fulfil some set purpose, rather are they fragmentary or frac- 
tional in nature, or unitary components of a larger and more complex whole Their 
functionally incomplete character is most readily detected in the unilateral 
nature of the response even m parts where the two sides mvanahlv work 
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together, e g the jaws, the vocal cords or (most convincingly) the anus The 
fact that under natural conditions the movements of these parts are invariably 
symmetrical and bilateral proves that the motor cortices on the two sides 
of the brain are very closely linked together As the movement-fraction 
represented by each motor pomt is so small, the motor cortex is endowed 
with great flexibility because these motor points can be combined together 
in an immense variety of permutations and combinations to carry out almost 
an i nfini te variety of purposive acts A useful analogy can be drawn between 
this feature of the motor pomts and the ammo-acids which are supphed to 
the tissues , a relatively small number of chemical units can similarly be 
built up into an infinite variety of specific protems 

2 Results in Man 1 — In patients under local ansesthesia, stimulation of 
the motor area elicits responses closely resembling those described for 
the ape, le discrete isolated movements (on the opposite side) of a single 
segment of an extremity or a single part of the trunk or head The cortical 
representation is arranged as m the ape, except that separate foci exist for 
each of the fingers, and these occupy a relatively large area The focus for 
the thumb is most inferior, and that for the fifth finger most superior Stimu- 
lation of the pomts controlling the upper part of the face, the pharynx, the 
vocal cords, and the muscles for closmg the jaws, usually gives bilateral 
reactions Stimulation of the neck area usually causes the head to turn to 
the opposite side Electrical stimulation of the most inferior part of the 
precentral gyrus produces rhythmic co-ordinated movements of the lips, 
tongue, mandible, larynx, and pharynx Epileptic attacks begi n ni n g in this 
area commence with the same type of movement — chewing, licking, swallow- 
ing, and grunting Fig 414 shows m very striking fashion the relative position 
and size of the motor areas for different parts of the body m man 

Jacksonian Fit — A fit which arises m a localized part of the cortex is 
known after Hughlings Jackson as a “ Jacksonian fit ” If the fit spreads it 
will involve successively regions of the body supphed by related parts of the 
affected cortical area Thus a fit beg innin g in the thumb will spread via the 
wrist, elbow, and shoulder, to the trunk, and via the neck to the face 
(cf Fig 413) 

Effects of Stimulating Cortical Eyefields (Fig 407) — These are found 
mainly m the middle frontal convolution in area 8 ( frontal eyefield ) 2 and 
in the occipital lobe in areas 17 and 18 ( occipital eyefield) Tbe response 
usually involves both eyes and the movement most commonly obtained is 
a conjugate deviation of the eyes to the opposite side, e g stimulation of the 
left cortex causes both eyeballs to move to the right (Fig 415) This move- 
ment may be accompanied by downward and upward deviation , very 
rarely convergence of the eyes may be observed Eye-opening is also associ- 
ated with this region Autonomic responses affecting the eyes may also be 
elicited, e g dilatation of the pupils, secretion of tears 

Stimulation of the sixth nucleus also causes conjugate deviation of both 
eyes this time to the side of the stimulated nucleus , e g stimulation of the 
right sixth nucleus causes conjugate deviation of both eyes to the right owing 
to the simultaneous contraction of the right lateral rectus and the left medial 

l bcaficld and Rasmussen, Cerebral Cortex of Man, N Y , 1950 

* , man i eyeball movements often result also from stimulating points in the pre- 
eentral gyrus itself 
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rectus The exact innervation of the medial rectus is uncertain It is 
suggested that mternuncial fibres establish connection between the (right) 
sixth nucleus and the (right) third nucleus (Fig 415), whence fibres pass 
(perhaps via the opposite third nucleus) to the opposite (left) third nerve 
and thence to the opposite (left) medial rectus 

The conjugate deviation commonly resulting from stimulating the frontal 
eyefield can now be explained The (left) cortico-nuclear fibres cross the 
midline m the midbram to supply the opposite (right) sixth nucleus which is 


A A 



Fig 415 — Cortical Control of Lateral Movements of the Eyeballs 
PEP frontal eyefield , L R , M R lateral, medial rectus muscles , 3, 6 3rd and 6th nerves +, — 
excitation or inhibition of nucleus The diagram has been simplified and shows the third nucleus 
directly supplying the contralateral medial rectus (Diagram by Professor David Slomc ) 

stimulated with resulting contraction of the (right) lateral rectus , via the 
mternuncials between the (right) sixth and third nucleus, the left third 
nucleus, and the left third neive, the left medial rectus is stimulated 

Irritative lesions of the frontal eyefield or of the sixth nucleus in man 
produce results like those of experimental stimulation in apes A destructive 
lesion of the (say, right) sixth nucleus leaves the opposite (left) sixth nucleus 
unopposed and produces, as expected, conjugate deviation of both eyes away 
from the side of the lesion (i e to the left). 

Reciprocal Innervation — Sherrington has demonstrated that the law 
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of reciprocal innervation winch, applies to reflex action (p 545), voluntary 
movements (p 649), and movements elicited from stimulating the motor 
area (p 634), also applies to the cortical control of lateral movements of 
the eyeballs , * e the impulses from the frontal eyefield that stimulate the 
contralateral sixth nucleus reciprocally inhibit the ipsilateral sixth nucleus, 
tins latter inhibition being an integral part of the total response (Fig 415) 
The experiment is earned out as follows 

In the monkey, if all the nerves supplying the muscles of the eye are 
cut, the tension of the connections of the eyeball keeps the globes parallel 
Cut the third and fourth nerves of the left eye The only nerve left intact 
is the sixth, and naturally the eye rotates outwards from the unopposed 
action of the lateral rectus (Fig 416, B) Expose the frontal lobes on the 
left side, i e on the same side as the eye operated on Stimulation of the left 
frontal eyefield produces contraction of the right lateral rectus and of the left 
medial rectus In the left eye the medial rectus cannot contract, because 
the nerve carrying its motor fibres (third) has been cut It is obvious that the 
medial and lateral recti are antagonistic muscles, and that if one were 
stimulated the other should be inhibited In the case of the left eye, as the 
motor cells supplying the medial rectus are stimulated from the cortex, the 
cells innervating the lateral rectus should, be inhibited This is exactly what 
happens The lateral rectus relaxes, and the left eye moves to the middle 
hue (Fig 416, C) Note that in this experiment the antagomst centre has been 
inhibited (& e the cells supplying the lateral rectus) although no contraction 
of the protagonist (medial rectus) has actually taken place (because the nerve 
to it was cut) The pattern of reciprocal innervation in this case thus depends 
on appropriate impulses coming down, to the cranial nuclei from the cerebral 
cortex 

Results of Destruction of Motor Area or Pyramidal Tracts. — 
(1) Extirpation op Motor Areas — Sherrington carried out careful extirpa- 
tion experiments in apes The left motor cortex was exposed and the arm 
area demarcated by electrical stimulation The region yielding primary 
movements of fingers, wrist, and elbow was excised A few hours later the 
opposite (right) arm showed drooping of the wrist, weakness of the elbow, 
and to a less extent of the shoulder , no movement was possible m the fingers 
One month later good recovery of most arm movements had occurred, but 
there was lasting decrease in the shill with which the fingers could he used The 
operation area was re-exposed, but on electrical stimulation it yielded no 
response A little more of the adjacent cortex was excised , some transient 
weakness of the shoulder developed, but the distal part of the limb was 
unaffected Some months later the opposite (right) arm area was excised , 
this had no appreciable effect on the originally paralysed (right) arm 

(2) Section op Pyramidal Tracts — Removal of the arm area destroys 
the cells of origin not only of the corticospinal fibres but of many extra- 
pyramidal fibres also To determine the role of the pyramidal tracts alone, 
the tracts must he cut at a level where they are not commingled with other 
descending tracts which subserve other functions The medullary pyramid 
may possibly consist almost exclusively of corticospinal fibres , should this 
view prove correct then section of the medullary pyramid produces the un- 
complicated results of loss of pyramidal tract function 

(i) Effects on Movement —In rhesus monkeys umlateral section of the 
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) 

A* Stimulate Left Frontal Eyefield 



B- Cut Left 3 rd & 4 th Nerves 



C- Stimulate Left Frontal Eyefield 

Fig 416 — Sherrington’s Demonstration of Reciprocal Innervation of Eye Muscles 

A Stimulate left frontal eyefield conjugate deviation of both eyes to the right 
B Out left third and fourth nerves, deviation of left eye to left 

C Repeat stimulation of left frontal eyefield, right eye deviates normally to the right and left eye returns 
to midbne (Diagram by Professor David Slome ) 
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medullary pyramid produces disturbances of movement closely resembling 
those resulting from extirpation of the motor area Thus there is marked 
weakness (not complete paralysis) of the opposite arm and leg , the hand is 
most gravely affected, discrete movements of the fingers being lost Simpler 
movements persist, e g striking, kicking, scratching, reaching, grasping, 
walking, turning the body towards external objects , but these movements, 
also, are less easily and accurately performed , they seem to involve great 
effort, are weak and tremulous, fatigue readily, and are accompanied by signs 
of great “ irritation ” on the part of the animal The symptoms persist 
unchanged for years 

(n) Effects on Tone and Reflexes —There is a decrease m muscle tone m 
the limbs (tone in the back, neck, and thorax is decreased very little) The 
deep reflexes are slow but not decreased m size The superficial reflexes 
(e g abdominal, cremasteric) are abolished at first , later they return but 
are difficult to elicit, sluggish and weak 

Similar changes m tone, reflexes, and movement result from section of 
the crossed pyramidal tract in the lateral column of the spinal cord 

A sharp contrast thus exists between the decreased muscle tone and reflexes 
following allegedly pure section of the pyramidal tract and the spasticity and 
exaggerated reflexes following extirpation of the suppressor band is (p 624), or 
clinical lesions of the pyramidal tract (p 642) 

In the chimpanzee, two “ release ” phenomena develop after section of 
the medullary pyramid (a) the BabmsTa plantar response makes its appearance 
(cf p 645) , (6) the proprioceptive grasp reflex can now be obtained if an 
object is firmly pressed into the palm, it is reflexly grasped 

Role of Pyramidal Tracts m Voluntary Movement — The two out- 
standing facts described (i) that artificial stimulation of motor points 
produces movements which resemble fragments of a voluntary movement, 
and (n) that impairment or loss of voluntary movements results from extirpa- 
tion of the motor cortex or section of the pyramidal tracts, indicate that the 
pyramidal tract is a path which is employed m voluntary movement and m 
fact is indispensable for the performance of certain types of movement 
This statement does not mean that the motor cortex initiates voluntary 
movements The pyramidal tracts may be regarded as a long mternuncial 
pathway, linking the great afferent pathways which end m the cerebral 
cortex (especially those from the “ distance receptors ” (eyes, ears), and from 
the muscles (directly and via the cerebellum) with the lower motor neurones 
(cranial and spinal) The regulation of the discharge of the motor cortex to 
produce effective purposive movements, “ correctly ordered m space and 
time,” is a matter which is ill understood , it is considered, however, on 
pp 646 et -seq 

Clinical Lesions of the Pyramidal Tracts. — In the past the signi- 
ficance of the multiplicity of the descending pathways from the cerebral 
cortex was not fully recognized nor was the fact that throughout most of 
its course the pyramidal tract is commingled with other descending tracts 
In man, injury to the pyramidal tract m thejbram gives rise to weakness 
or paralysis on the opposite side of the body , the condition is called hemiplegia 
fhe symptoms and signs m any individual case depend on the severity of 
the lesion, whether it is acute or chrome, and on the extent to which the 
other descending (extrapyramidal) pathways are involved In view of the 
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experimental evidence presented above, the disturbances of voluntary move- 
ment which occur m hemiplegia are attributed to loss of the pyramidal 
influence Commonly the changes in tone and reflexes in these patients 
resemble those resulting from extirpation of area 4s m ammals , these changes 
in man are explained on similar lines, i e they are attributed to injury to the 
descending inhibitory (extrapyramidal) pathway As might be expected, 
there is no constant relationship between the severity of loss of willed move- 
ments and the degree of hypertonus present 

Hemiplegia — 1 Acute Lesions in Man — An acut e lesion m the internal 
capsule, where the pyramidal tracts are condensed m a small area, produces 
initially a stage_ of shock in which all the muscles of the opposite side are 
toneless ahd'in which no reflex movements can be elicited , m these respects, 
the condition resembles spinal shock (p 690) These findings again emphasize 
the degree to which the higher levels of the nervous system participate in 
so-called spinal and brain stem reflexes Some weeks later reflex activities 
return to the affected side of the body, showing that such reflexes can be 
mediated by the isolated lower levels A period of “ adjustment,” however, 
has been necessary, indicating that the lower and higher nervous levels are 
normally closely integrated to function as a co-ordmated whole 

The paralysis on the affected side affects voluntary movements of the 
face, leg, and arm Movements which usually involve both sides of the body, 
eg those of respiration, movements of the back, and abdominal wall, are 
generally retained , i t wo uld seem that one pyramidal tract can control 
the lower motor nuclei_supplymg the muscles concerned, on both sides If 
tluT cortico-nuclear fibres escape injury, eyeball movements persist Emotional 
movements remain intact , frequently they are ehcited very readily and are 
exaggerated in character This last finding demonstrates two pomts (i) emo- 
tional movements are mediated by non-pyramidal pathways and are inhibited 
by the pyramidal tract , (u) the paralysis m pyramidal lesions is one of move- 
ments and not of muscles Thus the patient cannot voluntarily wrmkle up 
his forehead, frown or whistle, but the muscles concerned m these acts are 
employed perfectly efficiently when the patient’s face exteriorizes pleasure, 
surprise, or annoyance (cf p 663) 

2 Stage of Recovery Chronic Lesions — As the stage of shock 
passes away, or m chrome lesions, the clinical picture as explained is that of 
paralysis and disturbances of tone and reflexes The common chmcal 
syndrome which ib described below is attributable to a combined lesion of the 
pyramidal tract and the descending inhibitory path fi om the suppressor band 4s 

(1) Muscle Tone and Posture — Muscle tone is abnormal m distribution 
and excessive m degree in certain muscles, i e the limbs are placed m an 
abnormal position and tend to be fixed there , to this latter feature the term 
spasticity is applied The upper limb, instead of lying at the side m the 
customary way, is adducted at the shoulder, the elbow is semi-flexed, the 
forearm is pronated, and the wrist and fingers are flexed The limb is in- 
voluntarily maintained m this unnatural position indefinitely without 
fatigue , it can only be moved passively with difficulty The leg is adducted, 
extended at the knee and physiologically extended at the ankle (anatomical 
plantar flexion) 1 The muscles do not waste greatly, because though not used 
m voluntary movement they are contmuously m action to maintain the posture 

1 Cf Fig 372, p 591 
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described , tbe electrical responses are normal Lesions of the dorsal nerve 
roots abolish the spasticity and the muscles become flaccid 

The limbs show the shortening and lengthening reaction The latter is 
demonstrated as follows If one attempts to flex the knee (with the patient 
supine) the initial 5°-10° of flexion can be carried out without much difficulty , 
beyond this point marked resistance is encountered, because the stretching 
force apphed to the quadriceps elicits a reflex contraction (cf p 558) , if 
great force is applied, the quadriceps suddenly relaxes, and the knee rapidly 
passes into the flexed position — this js 1 11 "* '••'"'■tion set up by 

excessive stretch which stimulates the . in the muscle 

(cf p 586) The lengthening reaction is described by the clinician as clasp- 
knife rigidity 

(2) Associated Reactions 1 — This term is used to describe certain move- 
ments which can be reflexly aroused on the affected side by such “ semi- 
involuntary ” movements as yawning and stretching and by any forceful 
A B 



Fla 417 — Knee jerk in Normal Man and after Lesion of Pyramidal Tract 

The Bignal (vertical line above) indicates the application of the stretch stimulus which produces a sudden 
depression of the leg as indicated by the initial descent of the record Time in 0 01 sec 

A Normal response Note sharp ascent, plateau, and more gradual but smooth descent 
B Knee Jerk following pyramidal lesion The characteristic feature is the much slower relaxation which 
shows a " hump ’ on its course (Blake Pritchard and Walshe, Lancet, 1929 ) 


sustained voluntary muscular contraction on the normal side , the responses 
are modified by the position of the head relative to the trunk, t e by neck 
reflexes Thus m the standing hemiplegic subject, looking straight ahead, 
when the normal fist is clenched, the spastic arm moves slowly into increased 
flexion at elbow, wrist, and digits If the procedure is repeated with the 
head rotated towards the hemiplegic side, the spastic arm moves into extension 
i i j* ° n ’ ^he remaimn o closed Repeat the procedure again with 
j j iea< ^ rotated towards the sound side the spastic arm moves into increased 
adduction and flexion In other words, the jaw limbs extend and the vertex 
limbs flex In some cases, active rotation of the head against resistance is 
sufficient to induce similar postural changes in the spastic limb 

(3) Deep Reflexes The deep (i e tendon) reflexes are modified m a 
characteristic way The ones commonly elicited are the Inee-ierl and anlle- 
jerk m the lower limb, and tbe triceps and supinator jerk m the upper limb 
lhe deep reflexes are simply fractionated stretch reflexes, and their general 
characteristics can be studied m the case of the human knee-jerk 

1 Usually referred to clinically as associated movements 
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Knee-jerk — With the knee supported in the flexed position, the patellar 
tendon is sharply tapped , the muscle is stretched, appropriate sensory nerve 
endings are stimulated (muscle spindles, tendon organs) and impulses pass 
up into the third and fourth lumbar dorsal. nerve roots to enter the spinal 
cord and end directly round ventral horn cells Efferent impulses pass out 
m the lumbar ventral nerve roots to produce contraction of the quadriceps 
extensor and at the same time reciprocal inhibition of the antagonistic ham- 
strings takes place The knee-jerk is abolished when any part of this reflex 
arc is destroyed It should be borne in mind then when we studied the 
stretch reflexes experimentally we were dealing with sustained stretch of 
muscles which were contracting isomctrically , m the case of the human 
deep reflexes we are observing the response to a transient stretch of a muscle 
contracting isotonically A graphic record of the normal knee-jerk shows 
that there is a brisk contraction followed by a plateau and a gradual relaxation 
(Fig 417, A) , the leg falls slowly and deliberately back to its original position 
The ratio of the rise to the fall may be 1 to 2 The delayed relaxation (or 
persistent contraction) is due partly to after-discharge (cf p 539) of the 
ventral horn cells and partly to an appended shortening reaction (cf p 586 
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Fid 418 — Clonic Kesponse of Quadriceps to Stretch 

Electrical (c) and Mechanical (m) Records Clonic response of quadriceps muscle (at 13 a second) elicited 
bj attaching the mu-cic to an isotonic Ie\cr weighing one Kg , and so subjecting it to stretch 
Note the rhythmic chnr-ctrr of the electrical record (Sherrington and others, Btflcx Achuly oj 
the Spinal Cord, 1032 ) 

and Fig 369), te as the knee begins to flex again the quadriceps is subjected 
to renewed stretch and responds by partial contraction 

The deep reflexes like the stretch reflexes vary with the degree of muscle 
tone initially present and with the amount of nervous system which is intact 
In hemiplegia there is commonly increased extensor tone The knee-jerk 
(hke the other deep reflexes) is exaggerated, and what is even more charac- 
teristic, it is more sustained, i e relaxation is still further prolonged (Fig 417, 
B) Not infrequently there is a secondary contraction or “ hump ” during 
relaxation 

Anile clonus is often present, and is also due to the state of heightened 
muscle tone When the ankle is forcibly dorsiflexed, rhythmic movements of 
dorsiflexion and plantar flexion take place at the ankle-jomt Owing to the 
mcreased tone of the posterior calf muscles, stretching of the fibres sets up 
not a simple reflex contraction or ankle-jerk, but a rhythmic series of con- 
tractions or clonus In animal experiments also it is sometimes found 
that stretch of a muscle contracting isotonically will elicit a rhythmic response 
instead of the usual sustained contraction (Fig 418) This is doubtless due 
to a synchronous (instead of the more usual asynchronous) discharge of 
the ventral horn cells, leading to a tremulous partial tetanus (cf p 501) 
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Sometimes a dome response is obtained on tapping tlie patellar tendon 
(patellar clonus ) 

The changes m muscle tone, posture, and deep reflexes described above 
must, in view of the experimental evidence, be attributed not to a lesion of 
the pyramidal (i e corticospinal) tract, but to interruption of the inhibitory 
fibres from the suppressor areas (mamly 4s) to the nuclei of the reticular 
formation m the bram stem and thence to the spinal cord The changes 
described represent a senes of “ positive 55 release phenomena , i e removal 
of the cortical inhibitory influence releases lower levels to display their 
inherent pattern of activity The resemblances between the changes m tone 
and reflexes in human hemiplegia and m decerebrate rigidity m the cat are 
obvious , the only notable difference is in the posture of the fore limbs (arm 
m the case of the human hemiplegic) The amount of cerebral damage 
needed to produce the so-called “ spasticity ” m man and the equivalent, 
so-called “ rigidity ” m the cat differs m the two species , m the cat all the 
bram must be cut off above the mid-colhcular level (in the midbram) , m 
man a lesion of the cortical inhibitory pathway sparing the rest of the nervous 
system is probably adequate 

(4) Superficial Reflexes — The superficial reflexes commonly tested 
for are 

(l) Abdominal stroking the skm of the abdomen produces contraction 
of the underlying muscle 

(n) Gremastenc stroking the inner side of the thigh results m the testis 
being retracted towards the mgumal canal 

(in) Plantar stroking the sole of the foot produces a downward move- 
ment (plantar-flexion) of the great toe and the small toes 

All the superficial reflexes are lost on the affected side m cases of hemiplegia 
As these reflexes are also lost when the medullary pyramid is cut, they are 
mediated by the pyramidal tract , thus their loss m hemiplegia is due to the 
injury to the pyramidal tract 

(iv) Babinsh i espouse m hemiplegia an abnormal reflex can he elicited 
from the sole of the foot, different m every respect from the usual plantar 
response The stimulus employed must be nocuous or painful, e g firm scratch- 
ing with the finger-nail The reflex can be elicited from a fairly wide area, 
from the calf, the thigh, and even as high as the groin , it consists first of an 
upuiaid movement (doisiflexion) of the great toe and fanning out of the small 
toes The anatomists misleadingly call dorsiflexion of the great toe “ exten- 
sion ” The abnormal toe response is therefore sometimes called the “ extensoT 
response ” , this term should not be used and the response should be described 
(after its discoverer) as the Babmski sign or the Babmski response The 
Babmski response is a “ fraction ” of a released spinal flexor or withdrawal 
reflex Thus, m some cases of hemiplegia, nocuous stimulation of the sole 
of the foot produces a reaction extending far beyond the toes , there may 
be dorsiflexion (upward movement) of the ankle, flexion of the knee and 
even flexion of the hip The more extensive reaction is identical in every 
way with the spinal flexor reflex (p 692) The Babmski response is obvioush 
a release phenomenon , as it appears experimentally after section of the 
medullary pyramid its occurrence m man must he attributed to a lesion of 
the pyramidal tract 

(5) Disturbances iv Voluntary Moaembnt — In a recovering case of 
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hemiplegia, considerable improvement occurs in the leg and the patient may 
walk about with little more disturbance than a slight limp , a good deal 
of power returns to the arm and face The incidence of permanent loss of 
movement, m order of seventy, is as follows movements of the hands and 
especially the digits , extension of wrist , supination of the forearm , 
abduction and elevation of the upper arm , dorsiflexion of the foot and 
toes , flexion of the proximal leg joints The recovery may be attributed 
to restoration of function to temporarily damaged pyramidal fibres or to 
the more effective use of extrapyramidal pathways arising in the cortex 1 
Walshe has analysed carefully the loss of movement in the arm and hand 
in progressively developing hemiplegia Paresis first appears m the movements 
of the hand and digits and spreads so as to involve the proximal part of the 
hmb The first movements to disappear are those m which the interossei, 
lumbncales, and the flexors and opposers of the thumb are involved Abduc- 
tion and extension of the fingers are affected before adduction Certain 
combinations of movements disappear, as is well shown by asking the patient 
to touch each finger-tip in succession with the tip of the thumb , there is a 
stage m the development of the hemiplegia in which, while each digit can 
be flexed, the necessary movements of adduction and apposition are lost 
and the thumb and finger-tips are not effectively approximated “ but flex 
futilely into the palm ” The limb is progressively “ denuded of movements ” 
and therefore of movement combmations , as the number of retained move- 
ments dwindles, the surviving patterns of motion are simple and few, and 
qualify for the term “ stereotyped movements ” 

Bilateral Pyramidal Lesions — Bilateral section of the medullary 
pyramids in monkeys produces complete motor helplessness Extensive 
bilateral lesions m man may likewise produce loss of all movements in the 
affected parts Thus, in a patient in whom the pyramidal fibres controlhng 
movements of head, neck, and thorax were bilaterally destroyed, all voluntary 
movements of the facial muscles were lost , biting, swallowing, elevation of 
the palate and laryngeal movements could not be carried out Although 
automatic rhythmic breathing continued, forced inspiration or expiration 
or voluntary coughing could no longer be earned out Emotional exterioriza- 
tion was vigorous and was produced at the slightest provocation (cf p 663) 
The role of the pyramidal system in willed movements is considered 
further below 

GENERAL SURVEY OF VOLUNTARY MOVEMENT SPEECH 

Voluntary Movements 2 — Physiological knowledge is still insufficient to 
enable us to describe m detail what happens in the central nervous system 
dunng the execution of a voluntary movement To give only one example, 
the efferent pathways ansmg from the precentral cortex are so complex 
(Fig 408) that it is hard to conceive how their activities are harmoniously 
co-ordmated to produce efficient muscular action There is no doubt that 
voluntary movements are impaired whenever there is an interruption of the 
afferent channels to the bram, especially those from the sense organs (pro- 

1 Cf , however, Lassek, Brain, 1950, 73, 95 

2 Beevor, Croonian Lectures (for 1903) on Muscular Movements, London, 1904 , new 
edn , 1951 Wilson, Lancet, 1925, u, 1 el seg 
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prioceptive from the muscles and labyrinth and from the cerebellum, extero- 
ceptive from the skin and eyes) What happens between the arrival of the 
impulses in the receptor areas of the cortex and the discharge of efferent 
impulses from the precentral motor cortex is unknown, and therefore much 
written about 1 The process of learnmg, by which movements which are 
initially executed clumsily and with difficulty become ultimately skilful and 
easy, has not yet been accounted for m physiological terms , nor is anything 
known about the relationship between the mind or will and the brain Some 
physiologists use the word brain as though it were synonymous with mind , 
such usage is confusing Other physiologists try to avoid using the concept 
of mind altogether , such timidity does not promote clarity of thought or 
exposition 

Voluntary movements are voluntary m their aim , , not m their means Tor 



Fig 419 — Muscle Action Potentials during Voluntary Movement 

Action potentials (recorded with concentric needle electrodes) m the first dorsal interosseous muscle 
The motor unit potentials are triphasic as is not uncommonly the case Uccords are contmuous 
from left to right and from above downwards Time, 20 m sec continuous 

A Commencing contraction potentials are at low frequency 
B Frequency increasing 
C Additional motor units come into action 
X), E Discharge frequency of active units rises 


simple experimental and chmcal tests, the aim is usually a displacement of 
joints or of segments of the body m a certain direction and to a certain 
extent , the subject is told to clench the fist, flex the elbow, extend the knee 
and the like He and we judge by inspection, how well he has succeeded m 
carrying out the instructions The subject is not consciously concerned with 
the events m the nervous system and muscles which cause the movement 

teulm fit?,? h r m ’ “t PP “! ' TlsaaI and proprioceptive impulse! 
dfritSln ^ Ai PP u n j d i In eve V da y activities, our aim is generally not 

rected to parts of the body but to external objects , we cut the bread, open 

or faded ° r ^ & ^ ’ agam Can easily W d ge whether we have succeeded 

at f temp , t 1 l 0ften made to draw a distinction between “voluntary” 
and automatic movements, the movement of walking frequently bemg 

motor'cortevf eg m ° YMs are not represented m the 




648 


PRIME MOVERS OR PROTAGONISTS 


placed in the latter category But no really hard-and-fast distinctions can 
be made Walking is learnt by the child with difficulty, and at first requires 
constant attention With the passage of years and increased practice it 
becomes less “ voluntary ” and more “ automatic ” in character, so that we 
can walk about while thinking of something quite different It is preferable 
to grade movements into “ less or more automatic ” or “ less or more 
voluntary,” instead of attempting to divide them sharply into voluntary 
and automatic movements 

Many groups of muscles play a part m carrying out even quite a simple 
voluntary movement We may recognise 

(1) Prime Movers or Protagonists — Bor example, the chief protagonists 
in flexion of the elbow are the biceps, brachiahs and brachioradialis The 
ventral horn cells supplying each of these flexors are called its motor neurone 
pool The extent and strength of a voluntary movement (as of a reflex 
movement) are graded m two ways 



Fig 420 — Reciprocal Inhibition of Deltoid in Man (From an 
experiment by W F Floyd and P H S Silver ) 

Muscle action potentials recorded with surface electrodes 
At he beginning of the record the arm was abducted against gravltj , 
there is marled electrical actnity in the deltoid 
At first signal, A, attempt to abduct arm against a resistance which 
prevents movement from taking place (isometric adduction) The 
deltoid is reciprocal^ inhibited , the action potentials disappear 
At second signal, B, attempt to abduct arm against resistance , electrical 
actnit} in the deltoid reappears 

(i) By varying the number of motor neurones and therefore, the number of 
motor units m action 

(n) By varying the discharge rate of the individual motor neurone , as 
the frequency of the discharge increases, the weak tremulous sub-tetanus is 
converted into the strong sustained full tetanus 

These facts can be well demonstrated by using the concentric needle 
electrode technique When, a muscle is completely relaxed in man, action 
potentials are absent As the movement begins (Fig 419), action potentials 
appear , the frequency is low at first and gradually increases As the con- 
traction becomes stronger, additional motor units come into action (Fig 
419, C) When the contraction becomes maximal, the electrical record shows 
that many units are m action and are discharging at high frequency (60-100 
per sec ) , the potentials are irregularly spaced and vary m shape and size 
(Fig 419, D, E) 

Elbow-flexion, under different circumstances may involve more activity 
in one of the flexors and Ies^ in another, i e different parts of the flexor motor 
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neurone pool may be used , another way of expressing this idea, is to say 
that the flexor motor neurone pool can be fractionated in different ways 

(2) Antagonists — These are the muscles whose contraction or elastic 
resistance would interfere with the desired joint displacement The antag- 
onists always act m a manner which facihtates the execution of the desired 
movement (or the maintenance of the desired posture) In different sets of 
circumstances the antagonists may react m one of the following ways 

(а) Undergo reciprocal inhibition 

(б) Contract together with the protagonists (co-contraction) 

(c) When the movement takes place m the direction of gravity they (the 
antagonists) contract, but the protagonists which would act in the same 
direction as gravity, do not 

(l) Reciprocal Inhibition of Antagonists — The antagomsts respond m this 
way during movements against resistance Reciprocal inhibition occurs 
during voluntary movements of the 
eyeballs in the monkey (p 638) and m 
movements experimentally elicited 
from the motor cortex (p 634) It 
can be readily demonstrated during 
voluntary movements in man 

(a) The arm (extended at the elbow) 
is abducted in the coronal plane to a 
right angle, t e it is raised to the level 
of the shoulder The deltoid (the 
protagomst) can be felt to be strongly 
contracted , using surface electrodes 
numerous muscle action potentials 
are recorded (Pig 420) The subject is 
then told to try to adduct the arm (i e 
lower it) against the resistance of the 
observer’s hand which he cannot over- 
come No movement of the subject’s 
arm takes place and it remains in the 
abducted position But during the attempt the deltoid has become the 
antagonist and is, therefore, reciprocally inhibited , it becomes quite soft 
and the action potentials temporarily disappear 

( b ) The elbow is flexed against gravity with the forearm in the supinated 
position , all the elbow flexors contract The biceps, however, contracts for 
two reasons it not only flexes the elbow, but also supmates the forearm 
Ine subject is now told to pronate the forearm forcibly without moving the 
elbow At this stage of the experiment, the biceps motor neurone pool is 
receiving antagonistic impulses excitatory, to maintain elbow-flexion and 
inhibitory, to facihtate pronation of the forearm On balance the biceps is 
reciprocally inhibited because its action opposes pronation (Fig 421) The 
brachiahs, which is purely an elbow-flexor, remains contracted 

(n) Co-contraction of the Antagonists — Sometimes the antagonists may 
cooperate with the protagonists by contractmg too, as in the straight left 

f wb ?h protagonists and antagomsts are both simultaneously 
contracted to keep the joint unmoved 1 ^ 


TIME 1 SEC 

i 

Fiq 421 — Reciprocal Inhibition of 
Biceps during Pronation in Man 
(From an experiment by W F 
Floyd and P H S Silver ) 

Action potentials of biceps recorded with 
surface electrodes 

At the beginning of the record the elbow is 
flexed against gravity lvith the forearm in 
supination There is marked electrical 
activity m the biceps 

At the signal, the forearm is pronated forcibly, 
without mo-ung the elbow The biceps is 
reciprocally inhibited It is felt to relax 
and its electrical activity ceases 


21 * 


1 Cf also Positive Supporting Reaction, p 5S9 
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(m) Contraction of Antagonists — When the force of gravity is the pro- 
tagonist the antagonists may reciprocally contract to oppose gravity 

(a) As already explained, during comfortable standing m man the erector 
spmae and the anterior abdominal muscles show little activity (Fig 422) On 
leaning shghtly backwards the erector spmae contracts momentarily , gravity 
then comes into action and would cause the subject to fall backwards It is 
resisted by the action of the rectus abdominis which contracts forcibly and 
thus either arrests the backward movement, or enables it to proceed smoothly 
and m a properly graduated manner Conversely on leaning forwards, the 



Fig 422 — Pattern of Activity of Erector Spmae and Rectus Abdominis on Leaning 
Backwards and Forwards during Standing in Wan (From an Experiment by 
W F Floyd and P H S Silver ) 

Muscle action potentials recorded with surface electrodes 

At the beginning of the record the man is standing comfortably Note the absence of muscle 
action potentials in erector spin® and rectus abdominis 
The deflections marked X are the Its \\ aves of the electrocardiogram and should be ignored 
At first signal, lean backuarcls Note 

(1) Initial brief activity of erector spimo which pulls the trunk backwards , the muscle then 
relaxes again 

(li) This is followed by sustained actiwty of the rectus abdominis which maintains the 
posture against gravity 
At second signal, lean forwards Note 

(l) Momentary increase in activity of rectus abdominis which pulls the trunk forwards , 
the muscle then relaxes 

(li) This is followed by sustained actmty of the erector spin® which maintains the posture 
against gravity 

[When the subject bends forwards sufficiently to touch his toes the activity of the erector spin® 
suddenly ceases , the posture then has to be maintained purely by the tension of the ligaments 
of the spine J 


rectus abdominis first contracts , gravity then takes over and would make the 
subject fall forwards Tlie erector spmae contracts either to bold the forward- 
bent position or to enable the forward movement to proceed smoothly 1 
(b) Abduct the left arm , this causes the trunk to tend to fall to the left 
The antagomst to this movement is the opposite (right) external oblique 
which contracts to restore and maintain the erect position (Fig 423) When 

1 “ When a person bends forward from the erect position without having to overcome 
an obstacle it is not the flexors of the spine which act but the extensors , and conversely 
in extending the spine in leanmg backwards from the erect position it is not the extensors 
of the spine which act but the flexors 

“ For every slow, unresisted movement which is made m the direction of gravity the 
muscles which act in the direction of gravity are relaxed while their antagonists contract 
and support the part ” (Beevor ) 
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both arms are abducted simultaneously, the trunk remams well-balanced 
and no contraction of the external obhques occurs 

(3) Synergic or Fixing Muscles (Synergists) —In clenching the fist, 
the synergic muscles are the extensors of the wrist which greatlyjfacilitate the 
movement Anyone can readily demonstrate for himself that when the 
fist is normally clenched the wrist becomes dorsiflexed and that fist clenching 
becomes uncomfortable if the wrist is held quite horizontal In very firm 
closure of the fist, the triceps contracts too, acts as a synergist, and so 
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Fig 423 — Pattern of Muscle Activity of Trunk Muscles on Abducting Arm (From 
an Experiment by W F Floyd and P H S Silver ) 

Muscle action potentials recorded with surface electrodes 
The man is standing comfortably Note absence of activity in trunk muscles 
The deflections marked X are the RS waves of the electrocardiogram and should be ignored 
At first arrow, A, the left arm is abducted into the horizontal position , the centre of gravity is thus 
shifted to the left The muscle which opposes the action of gravity is the opposite external 
(right) oblique This antigravity muscle contracts to maintain the erect posture 
At second arrow, B, adduct left arm Right external oblique relaxes 
At third arrow, C, abduct right arm Opposite (left) external oblique contracts 


prevents joints other than those actually engaged m the desired movement 
from being moved (m this case the elbow-jomt ) 1 

1 Itjis desirable to note here that certain groups of muscles are normally associated 
together in carrying out voluntary movements (Wilson) 

(l) Head, Face, and Neel — (a) Shut the eyes the eyeballs roll up (b) Turn the eyes 
to the side the head turns also (c) Open the mouth against resistance the head extends 
(d) Turn the eyes up the forehead wrinkles, the head extends (e) In the supine position 
flex the head on the chest, the recti abdominis contract ' 1 

(u) Arm — (a) Abduct the extended arm at the shoulder the opposite external 
oblique contracts (Fig 423) (b) Open the closed hand the flexors of the wrist contract, 

the extensors of the wrist relax (c) Abduct the little finger the abductor ossis metacarpi 
polhcm contracts 

(iu) Trunk and Legs — (a) Supine position lift up one extended leg (t e flex the limb 
at the hip) the contralateral hamstrings contract (b) Erect position abduct one 
extended leg at the hip the opposite tensor fasci® femons contracts 
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(4) Movements of Cooperation — These may be defined as movements 
which precede or accorUpany the prime movement and make it easier to 
carry out 1 

It is clear from this discussion that a “ volitional ” movement mvolves 
the protagonists, the coordinated action of the antagomsts, the assistance 
of the synergists to fix certain joints, and the help of various extraneous groups 
of muscles to carry out movements preceding or accompanying the prime 
movement in order to make the latter as easy and effective as possible 
The component parts of the movement must also follow one another in 
appropriate sequence, and the whole movement must be correctly related 
to the stimuli which arouse it Further, the movement is superimposed on 
a basis of efficiently carried out postural activity 

Disturbances of Voluntary Movement — Voluntary movements may 
be disturbed by abnormal function of those parts of the cerebral cortex ivlnch 
lie between the senior y^receptor areas and t]ie executive precentral cortex 

(1) If the nature of the object is not recogmzed — the condition called 
agnosia is present Thus a man shown a pencil does not recognize it as such, 
but thinks it is a cigar and uses it accordingly The movement is pla nn ed 
and executed correctly, but the effect is ludicrous, because the idea m the 
patient’s mind of the nature of the object was incorrect 

(2) The nature of the object may be recognized, but the mam idea of the 
movement cannot be analysed into its component parts A man was supphed 
with a cigar and matchbox, both of which he recognized When asked to use 
them, he opened the matchbox and stuck the cigar m and tried to shut the 
box as though it were a cigar-cutter Then, taking the cigar out, he rubbed it 
on the side of the box as though it were a match The mam idea of the 
action was to hght the cigar, but the components of the idea were not directed 
to the proper object nor followed m the right order 

(3) Lastly, the nature of the object may be recogmzed, the general idea 
of action is normal, but the appropriate impulse patterns do not reach the 
precentral cortex intact — a normally worked-out idea is not exteriorized 
into the corresponding pattern of movements Such a condition is termed 
motor apraxia The nature of the disturbance is best illustrated by quoting 
Liepmann’s classical case The case was one of right-sided motor apraxia, 
the left side being normal There was no paralysis on the right side When 
asked to brush the examiner’s coat, he took the lower corner of the coat 
correctly with the left hand and held it , but with the right hand he picked 
up the brush and made a rhythmical series of movements in the air above 
his right ear At the telephone, he put the receiver to his ear with the left 

1 The following examples may be given (a) Order a person sitting m a chair to stand 
up The essential movement is to rise from the chair Before that is attempted, however, 
he brings his feet in underneath the body to a pomt almost under his centre of gravity 
this in normal people forms an essential preliminary to rising Again, a hand is often 
stretched out to grasp the side of the chair to help the body up 

(6) Attempt to turn round in the chair with the hands folded on the chest If the 
movement is to the right, the subject first abducts his right leg , as this “ auxiliary ” 
movement is closing, he carries out the prime movement of turning the body As this is 
being completed, he adducts the left leg up to its fellow 

(c) Arm swinging m walking is a movement of cooperation helping to maintain the 
balance of the body It can be voluntarily dispensed with, and one can walk with the 
arras behind the back, but there is consciousness of a sense of lack of ease An athlete 
uses this movement of arm swinging in a powerful manner to help propel himself along 
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Land, but with the right hand he took the mouthpiece and put it to his 
forehead, makmg nodding and puffing movements all the while Another 
patient who showed similar difficulties said, “ Je comprends bien ce que vous 
voulez, mais je ne parviens pas a le faire ” 

It has been suggested that an area in the left prefrontal lobe controls skilled 
movements via the motor cortex of both sides of the brain The left motor 
cortex would be reached by short connecting fibres, while the fibres for the 
control of the right motor cortex would pass through the corpus callosum 
Motor apraxia has been found following lesions of the left prefrontal cortex 
or subcortex and of the corpus callosum 

Speech — Spoken and written speech are important examples of skilled 
and elaborate voluntary movements As with other voluntary movements, all 
forms of speech depend primarily on the integrity of the afferent mechanisms 
For spoken speech we must first be able to hear sounds — that necessitates an 
intact auditory pathway from the ears to the auditory centres , secondly, we 
must be able to understand them — this process is believed to be related to 
the activity of the adjacent “ auditory-psychic ” areas , the term “^auditory 
speech centre ” is used to describe the special cortical region concerned 
Similarly, for written speech we need an mtact pathway from the eyes to the 
visual cortex to enable us to see , the written symbols must be correctly 
interpreted This process is beheved to be related to the activity of the 
“ visual speech centre ” (which is presumably part of the general “ visuo- 
psychic ” area) The sensory speech centres are mamly found on the left 
side of the brain m right-handed individuals The exteriorization of speech 
demands the skilled use of many muscles, such as those of the tongue, larynx, 
or hand The excitomotor areas of the brain, their descending tracts, and 
the related lower motor neurones, must all be intact and functioning normally, 
and appropriately guided by the cerebellum and the muscular, labyrinthine, 
and other afferents But it is further supposed that, as for other voluntary 
movements, there is need for some higher centre which mediates the “ plan- 
ning ” of the details, sequence, and duration of the various movement patterns 
employed It is suggested that there is a “ motor speech centre ” for both 
spoken and written speech m the left prefrontal lobe, m the neighbourhood 
of the alleged higher centre for voluntary movements m general The 
“ higher ”_mo tor centre for spoken speech is often called Broca’s centre, 
after the man who first attempted to locate it with some” precision"" "He 
suggested that it lay in the left inferior frontal convolution 1 

The sensory speech centres are undoubtedly linked by important pathways 
with the motor centres and guide them m their activities 

1 Stimulation of the cerebral cortex in conscious man never produces spoken speech , 
this result is not surprising as cortical stimulation only produces “ fragments ” of even 
quite simple movement patterns Stimulation of the lower part of the motor face area 
(and the posterior part of the superior frontal convolution) may give rise to a “ cry ” 
(like that preceding an epileptic fit) , the cry is called “ vocahzation ” but it is not 
speech Excisions m man in the vicinity of area 44 produce motor aphasia of varying 
degrees of sevonty and duration , Penfield suggests that this region is probably Broca’s 
area Stimulation of this area in conscious man disturbs its function and produces 
arrest of speech , one patient said later, “ I knew what I wanted to say but could not ” 
(cl the comment of the patient with apraxia (supra) “ je ne parviens pas a le faire ”) 
stimulation of the posterior part of the parietal lobe or of the upper temporal lobe also 
produces aphasic arrest ” (sudden speechlessness) suggestmg that these regions are 
also involved in speech ° 
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The above schema can be summarized as follows 
o' 


Ears Auditory Centres >“ Auditory Speech Centre” 

f — >“ Motor Speech Centres ’ 


Eyes ^-Visual Centres >“ Visual Speech Centre” 


a 


^-Excitomotor Areas *■ Lower Motor Neurones ^Muscles 

b 

This schema is too rigid, and underestimates the closeness of co-ordination 
that exists between various regions of the cerebral cortex It is probably un- 
justified to define and locate speech centres with any precision or to assign 
to them relatively autonomous functions The left side of the brain is far more 
important than the right m right-handed individuals for the carrying out of 
speech functions in general Marie stressed that speech functions must be 
considered as a whole, both on the receptive and the expressive side, and both 
for spoken and written speech It is best to talk of a “ cortical speech area ” 
or “ region ” ra,a vague way rather than to use the terms “ speech centres,” 
which give a misleading idea of non-existent precision of localization As 
speech is dependent on visual, auditory, and proprioceptive impulses, the 
speech area must be m the closest functional and anatomical connections 
with those regions of the cortex which primarily receive these impulses The 
temporo-sphenoidal lohe, the hinder part of the parietal lobe (including the 
supra-margmal and angular gyri), and the island of Beil, probably represent 
the principal receptive side of the speech area The area is continued forward 
to include that part of the prefrontal lobe from which the efferent pathway 
may possibly emerge The whole of this vast area is correlated with the highest 
intellectual activities , and injury to this region depresses not only speech but 
also other intellectual activities Injuries to the incoming pathways (auditory, 
visual, or proprioceptive), to the outgoing pathway to the excitomotor areas, 
or to the cerebral grey matter itself, cause fairly characteristic disturbances of 
speech, which are discussed more fully below In general, it may be said 
that injury to the path to the visual speech centre ( a in schema) may produce 
word blindness (inability to understand written words) Injury to the out- 
going pathway to the excitomotor areas ( b m schema) may produce pure 
motor aphasia (inability to speak articulately), or inability to write (agraphia), 
or both, without much mental disturbance Otherwise most cases of aphasia 
which result from injuries to the cerebral grey matter itself, usually show 
interference with both the expressive and the appreciative side of speech and 
deterioration of the intellectual faculties Thus, simple sentences may be 
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understood, while those involving more complex ideas cannot he followed 
The patient may obey when told to raise his hand, but does not know what 
to do if he is asked to touch his right hand with his left forefinger 

Clinical Conditions — Pure Motor Aphasia is a condition m which there 
is loss of articulate speech without mental confusion or deterioration The 
patient is dumb, though the 
excitomotor cortex and its 
efferent paths are intact The 
condition can be regarded as 
a special example of apraxia 
(p 652) , a certain highly compli- 
cated group of movements, le 
those of speech, axe lost It is 
commonly due to a lesion, 
subcortical m position, which cuts 
off the speech area from the 
excitomotor cortex 

Pure Word-Blindness is the 
inability to recognize the meaning 
ol written or printed words, which 
appear as hieroglyphics The 
patient is unable to read aloud or 
copy print into writing Speech 
otherwise is not disturbed Word- 
blindness ( alexia ) is a special form 
of visual 'agnosia , there is a loss 
of the ability to recognize familiar 
symbols It is due to a lesion, 
subcortical m position, which 
cuts off the visual centres from 
the speech area It is usually 
situated deep m the substance 
of the occipital lobe behind the 
angular gyrus, and often involves 
the optic radiation, which is close 
by and is passing to the occipital 
cortex Word-bhndness is thus 
often associated with right hemi- 
anopia (cf p 580) 

Pure Word-Dearness^ e the 
failure to recognize the meaning 
of spoken speech with no other 
defect of speech or intelligence, does not occur clinically (see Syntactical 
Aphasia, p 656, footnote 1, (3)) 

Cortical Aphasia — As already explained, pure word-bhndness and pure 
motor aphasia are caused by subcoitical lesions Injuries to the cortex de- 
press speech function as a whole Lesions situated posteriorly affect more 
markedly the reception of speech, whlrelhose situated, a nten or! y disturb, m 
the mam, the execution of speech The later acquired speech functions tend 
to drop out before those developed m early life Propositions cannot be 


Fig 424 — Connections of Corpus Striatum 
(Ranson, Res Publ Ass nerv merit 
Dis , 1941, 21, 737 ) 

B P , basis peduneuh 
C, caudate nucleus 

DJI, ciorsomedia! nucleus of thalamus 
1C, internal capsule 
P T , putamen 

P 2 , Pj, external and internal division of globus 
pallidus 

SN, substantia nigra 

STh, subthalamic nucleus 

VA, anteroventral nucleus of thalamus 

1, fibres from caudate nucleus to globus pallidus 

[stnopalUdal] 

2, fibres from putamen to globus pallidus fstrio 

pallidal] 

3, fibres from globus pallidus to subthalamic nucleus 

i, fii . 

pjmdal] 

5, fasciculus lenticularis 

0, fibres from globus pallidus to hypothalamus 
[palhdo hypothalamic] 

7, fasciculus thalamicus 

8, palhdo habenular tract 


globus pallidus [thalamo 
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made when ejaculations and emotional expression are still possible , the latter 
being more deeply grounded, persist longer 1 

Dysarthria — Dysarthria is a disturbance of speech resulting from defects 
of th e excitomotor areas' m the cortex aruT their connections , i e the pyramidal 
tracts, cramal nuclei, cranial nerves, muscles , from disturbances of tone, 
like rigidity , or from lack of cerebellar control of postural and voluntary 
activity Any of these disorders or a combination of them disturb speech 
to some extent , it should be noted that the muscles cannot be used 
effectively or any purpose, including that of speech 2 


THE CORPUS STRIATUM 

T he corpus stuatum consists of the caudate and lenticular nuclei The 
caudate nucleus is part of the cerebral suppressor or inhibitory mechanisms , 
the lenticular nucleus is part of the cerebral excitatory or facilitatory 
mechanisms The connections of the corpus striatum are shown in Figs 424, 425 

(1) Caudate Nucleus — (i) As explained on p 620, the caudate nucleus 
lies on the path by which the cortical suppressor bands inhibit the thalamus 
and so abolish the cortical resting potentials 

(n) Inhibitory descending fibres from the suppressor bands relay in the 
caudate nucleus to pass on to the reticular nuclei and thence via the reticulo- 
spinal tracts to the lower motor neurones (Fig 400 , p 623) 

(in) The caudate nucleus also receives afferents from the thalamus , it 
sends efferents to the globus pallidus [stnopallidal tract] 

(2) Lenticular Nucleus — This is subdivided into an external segment 
the putamen and a smaller internal part, the globus pallidus 

(l) The extrapyramidal fibres arising in areas 4 and 6 relay in the putamen 
and globus pallidus to pass to the hypothalamus and the excitatory reticular 

1 Head recognizes four clinical varieties of aphasia 

(1) Verbal Aphasia ■ — There is defective word formation , words both in mternal and 
external speech are evoked with difficulty Enunciation is slow and halting , writing is 
difficult or almost impossible Numerous errors are present in articulate speech This 
corresponds roughly to motor aphasia and agraphia (6 in schema) 

(2) Nominal Aphasia — There is difficulty in naming letters, words, or objects 
Reading is impaired This occurs especially with lesions of the upper temporal lobe 

(3) Syntactical (or “ Jargon ”) Aphasia — When we speak aloud we immediately 
recognize what has been said, and are able to correct any faults made Tins “ backlash ” 
keeps speech at a high functional level Similarly, impulses from the functioning muscles 
keep us informed as to how the movements are executed, and visual appreciation maintains 
a check on writing When the speech area is isolated on the afferent side, a voluble jargon 
results The patient neither hears nor feels that he has spoken incorrectly , m these 
circumstances speech is greatly deranged The patient becomes excited and very voluble, 
and speaks in a gibberish from which distinguishable words may be entirely absent He 
is usually deemed mad by those around him (Collier) 

(4) Semantic Aphasia (semantic concerned with “ meaning ”) — There is want of 
recogmtion of the full significance of words and phrases 

2 The clinical causes of dysarthria may thus be summarized 

(1) Muscles paralysis of muscles of face in myopathy or myasthenia gravis 

(2) Peripheral nerves bilateral facial palsy , diphtheritic neuritis 

(3) Cranial nuclei bulbar form of progressive muscular atrophy , tumours of medulla 

(4) Pyramidal system e g spastic bulbar paralysis , general paralysis 

(5) Cerebellum e g disseminated sclerosis, Friedreich’s disease 

(6) Extrapyramidal system from rigidity m Parkinson’s disease 
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nuclei , reticulospinal fibres descend to reach the lower motor neurones -which 
they stimulate (Fig 409 , p 629) 

(n) The other connections are 

(a) Two-way connections between the globus palhdus and the thalamus 

(mainly anteroventral nucleus) 

(b) From the globus palhdus to the hypothalamus and subthalamic nucleus 

(c) To the substantia nigra 

(d) From the putamen to the globus palhdus [stnopalhdal tract] 
Parkinson’s Disease [Paralysis 

Agitans] — In this disorder the subcortical 
nuclei, the substantia nigra, and globus 
pallidus are most commonly damaged A 
study of the clinical findings may throw 
some light on the functions of the corpus 
striatum and the related subcortical nuclei 
The characteristic signs of Parkinson’s disease 
are rigidity , involuntary movement — 
tremor , disturbances of movement 

(1) Rigidity (Striatal Rigidity) — The 
rigidity (the clinical term for the mc> eased 
muscle tone which is present) affects mainly 
the big muscle masses and the proximal parts 
of the limbs It affects both protagonists and 
antagonists but as the rigidity is usually 
greater in certain groups of muscles, a 
characteristic posture results Thus, the 
sternomastoids, the biceps, and knee flexors 
are often markedly involved , the back is 
slightly flexed, the arms are adducted and 
flexed and the kuees are bent, xe an 
attitude of generalized flexion is present 
The rigidity, like all patterns of skeletal 
muscle tone is due to proprioceptive reflexes, 
if procame is injected into the nerve supply 
of a muscle m a concentration which 
paralyses only the muscle afferents, the 
rigidity is abolished The hypertonus of 
striatal rigidity differs in several ways from 
the “ spasticity ” which accompanies 
hemiplegia (i) the distribution is different 
(cf p 642), (u) if the limb is progressively 
flexed or extended, resistance is encountered all the time, and at no stage are the 
muscles reflexly inhibited, % e there is no lengthening reaction, (in) the rigidity 
is unaffected by neck reflexes, i e by moving the head on the trunk (cf p 591) 
Striatal rigidity, like spasticity, must be regarded as a release phenomenon 
It is not clear what exactly are the higher level inhibitory mechanisms -which 
the disease has put out of action , the caudate nucleus is however part of the 
descending pathway inhibiting muscle tone (p 623) 

The rigidity m advanced cases may be so marked that the patient, if 
not too heavy, can be carried about like a statue Any grade of rigidity 



Fig 425 — Connections between 

Precentral and other parts of 
the Cerebral Cortex and the 
Corpus Stnatum (chimpanzee) 
(McCulloch, m Bucy, Precentral 
Motor C urlex, 1944) 

Shaded areas (24, S, 4s) are supressor bands 
Xotc that the Mipressor bands connect 
with and fire the caudate nucleus 
(NO) Ibe e\eitomotor areas 4 and 6 
connect with and fire the globus 
palhdus (GPL, GPI) and th( putamen 
(Ijing between NC tud GPL) of the 
lenticular nucleus 
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must obviously interfere -with the ease and rapidity of execution of move- 
ments , intense rigidity may fix the joints and make voluntary movement 
impossible 

(2) Tremor — The tremor consists of fairly regular, rhythmically alter- 
nating contractions of a muscular group or groups and their antagomsts, 
usually about six times per second The range vanes from a very fine to a 
coarse, wide movement Though any group of muscles and their opposites 
may be affected the tremor commonly involves the more distal and mobile 
segments of the body, such as the fingers, hand, lips, or tongue It may 
consist of a flexor-extensor movement at the wrist, a side-to-side movement 
(radio-ulnar deviation), or a movement of pronation-supmation The tremor 
is readily modified by many conditions It may be temporarily inhibited by 
painful stimuli , it ceases during sleep The tremor must presumably be 
regarded as a release phenomenon but its mode of production is unknown 1 
(Experimentally produced tremor of a similar type is considered on p 660 ) 



Fig 426 — Rigidity interfering with Movement m Parkinson’s Disease 


Senes of records of voluntary flexion extension of right elbow A Beforel njection B Ten minutes after 
injection of 20 c c of 1% procaine solution into biceps to paralyse afferent fibres m motor nerve 
C Fifteen minutes after injection into biceps D Twcntj five minutes after injection into biceps and 
six after injection into triceps In A, movements dwindle almost immediately in speed and range 
there is considerable improvement in B and C , after paralysing efferents in triceps (D), movements 
are rapidly performed and amplitude is sustained (Walshe, Lancet, 1929 ) 

(3) Disturbance of Movement — The disturbances of movement in 
Parkinson’s disease are as follows 

(l) There is ivealness of the muscles , fatigue sets m rapidly , there is 
difficulty in maintaining a contraction , the movements are slow , irregular, 
and limited in extent This is well seen in the case of the mterossei on 
attempting to spread out the fingers the movement is not readily carried 
out, and the feebleness and lack of precision are well marked These defects 
involve chiefly the small muscles, or at any rate are less evident in the larger 
masses of muscle The voice is monotonous, and the “ chanson de langage ” 
is lost The dehcate adjustments of the laryngeal muscles necessary to 
produce the inflections and modulations of normal speech are lost There is 
jerky movement of the eyes on looking to one side It is thus seen that 
muscles are affected chiefly in inverse proportion to their mass All the 
small muscles are affected whether they are used m highly complex move- 
ments (e g larynx) or m relatively simple movements (e g mterossei) The 

1 Tremor also occurs clinically at rest (static tremor) and during movement (“ mten 
tion ” tremor) m cerebellar dysfunction (pp 609 and 610), m old people, and m exoph 
thalmic goitre (p 991) 
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impairment of voluntary movement is greatly influenced by the degree of 
rigidity When an antagonistic pair of muscles (e g biceps and triceps) are 
deafferented by means of procaine, the motor fibres being left intact, the 
rigidity is abolished and it is found that the normal range and speed of 
movement aTe temporarily restored (Pig 426) 

( 11 ) Poverty of Movement — When at rest the patient with Parkinson’s 
disease literally sits still and does not make the spontaneous movements 
usually shown by normal people A man does not cross his legs or toy with 
his lips and chin during conversation , a woman does not twirl her wedding- 
ring Intelligent patients explain they have no desire to move The rigidity 
when present is a contributory factor in making movement difficult and 
irksome, but it is not an essential accompamment of the poverty of move- 
ment Movements of cooperation (p 652), e g arm-swingmg, are similarly, 
less m evidence 

(m) Emotional Expression — The face is mask-like in appearance, though 
the patient can and does laugh or cry Emotional movements are carried 
out slowly and less effectively One patient said, “ I used to have a ringing 
laugh, now I only make a silly noise ” There is not an absence of expression 
but a lack of ease (due partly to rigidity) in passing from one expression to 
another 

(iv) Reflexes — The reflexes, both superficial and deep, are unaffected at 
first When the rigidity becomes severe in degree the ]omts become fixed, 
and this mechanically interferes with the reflexes The ultimate clinical 
picture m progressive cases is one of complete motor helplessness The 
rigidity increases and binds down the joints Speech and swallowing become 
difficult, and finally impossible Tremor is usually marked 

Experimental Parkinsonism — Attempts to reproduce the chmcal 
syndrome m animals have given the following results 

(1) Lesions of the caudate nucleus or the putamen do not give rise to 
Parkinsonism There are conflicting reports about the effects of bilateral 
lesions of the globus pallidus some workers (Ranson) have obtained no 
characteristic changes , others have noted striking poverty of movement, 
without paralysis or rigidity 

(2) (i) Bilateral lesions (in the monkey ) of the hypothalamus involving the 
lateral areas where, incidentally, the fibres from the globus pallidus to the 
hypothalamus he, produce interesting results There is again no paresis, 
no tremor, chorea, or athetosis, and no rigidity Although the animal can 
run, jump, or cbmb, its movements are slow and there is poverty of move- 
ment The ammal stays quite still for long periods without change of 
position , apart from opening and closing the eyes, no movement may be 
observed for minutes on end The face is described as displaying a “ fixed 
sad expression which does not change ” The grasp reflex is released if a 
rod is placed m the hand, it is grasped so firmly that the ammal can be lifted 
up by means of the rod 

(n) Bilateral lesions (m the cat) m a position close to that discussed 
above, i e between the caudal border of the mammillary bodies and the 
rostral fibres of the third nerve, produce a somewhat different picture The 
animal is very lethargic and shows “ catalepsy ” , it remains m any position 
in which it is placed With the animal lying on its back m a shallow trough, 
if the limbs are flexed they remain flexed, if extended they remam extended , 
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there its no tendency (as in decerebrate rigidity) for the limbs to leturn to 
a basic posture Most of the tune the ammal seems to be asleep , on 
pinching the tail, it wakes up, assumes a normal posture, takes a few steps, 
and then often goes to sleep again m a standing position When awake 
there is great paucity of voluntary movement 

It was pointed out on p 630 that the globus palhdus and hypothalamus 
form part of a descending excitatory pathway winch facihtates the response 
of the lower motor neurones to impulses in the pyramidal tracts The 
experiments described above suggest that interruption of this pathway may 
be an important factor in producing the weakness and paucity of movement 
of Parkinson’s disease It could not, however, account for the characteristic 
rigidity which must be due to loss of some tonic inhibitory influences 

(3) Tremor — An alternating tremor resembling that seen m clinical 
Parkinsonism has been produced experimentally by means of lesions m the 
tegmentum of the nndbrain and pons (but not by lesions involving the 
basal ganglia) The rhythm of the treinoi is not -\isible in the electro- 
encephalogram experimentally or clinically, indicating that it is not due to 
an alternating discharge from the motor cortex , it is suggested that the 
tremor is due to some abnormal pattern of activity of reticulospinal excitatory 
and inhibitory pathways 

It must be frankly admitted that our knowledge of the corpus striatum 
and the related nuclei is too fragmentary to enable us to give any coordinated 
account of their functions or to account adequately for the signs m Parkinson’s 
disease m man 

Clinical Conditions — The corpus striatum is probably involved in the 
following diseases 

(1) Parkinson’s Disease (paralysis agitans), which may be the result of 
vascular lesions of this region occurring m old people 

(2) Encephalitis Lethargica the corpus striatum is very commonly 
affected, producing an end result almost indistinguishable from the previous 
condition, except that it comes on acutely in younger subjects 

(3) Progressive Lenticular Degeneration (Wilson), a bilateral 
affection of the lenticular nuclei associated with multilobular cirrhosis of 
the liver 

(4) Kernicterus 1 the basal ganglia and related parts of the brain are 
damaged and stained yellow in hcemolytic disease (p 180), which results 
from the noxious action of Rhesus antibodies The nuclei usually involved 
are the globus palhdus and the subthalamic body (the putamen is affected 
more rarely) If the child survives it may show the striatal type of rigidity, 
chorea, and athetosis (and often mental deficiency) 

Chorea and Athetosis — 'These two disorders are characterized by 
spontaneous movements , clinically lesions are usually found m the thalamus 
or corpus striatum 

In c hor ea the spontaneous movements are irregular, brief, and rapid If 
the arm is affected there is, m addition, decreased tone and muscular 
weakness, especially of the hand (there is complaint of “ uselessness ” of the 
hand) , the arm hangs limply Voluntary movements of the arm are not 
carried out smoothly but tend to be abrupt and sudden 

In athetosis the spontaneous movements are slow and confluent — one 
1 Evans and Polam, Quai t J Med , 1950, 19, 129 
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phase blen din g with the next , the limb thus undergoes a senes of complex 
wnthmgs and contortions As Wilson puts it, the movements appear to he 
directed to an end which is never attained 

The pattern of the involuntary movements m chorea and athetosis 
suggests that they anse m the cerebral cortex , they only occur when there 
is relative integrity of the descending paths from the excitomotor cortex 
Experimentally it is claimed that an isolated lesion of the caudate nucleus 
produces choreo-athetosis On the basis of these results it has been suggested 
that the spontaneous jnoyements are due to interruption of the suppressor 
pathway from area 4s via the caudate nucleus to the thalamus, thus blocking 
11 11 1 11 - ‘ 11 11 excitomotor, area of an afferent 

«' has suggested that a lesion of 
the thalamus might deprive the cerebral cortex of cerebellar control or lead 
to disordered cerebellocortical influences and thus give rise to the spontaneous 
movements , he draws attention to the other signs suggestive of cerebellar 
dysfunction which are found m chorea, eg decreased muscle tone, weakness 
and incoordination of willed movements 

It is claimed that the movements of athetosis may be controlled by 
(l) removal of area 6, or (n) section of the ventral column of the spinal cord, 
without encroaching on the crossed pyramidal tracts 1 

It is clear from the discussion that it is premature to assign a precise 
pathology to chores and athetosis 

PHYSIOLOGY OF THE EMOTIONS 

“ Of points where physiology and psychology touch, the place of one hes 
at ‘ emotion ’ ” A discussion of the physiology of the emotions must begin 
by recognizing that man is body and mind, a “ psycho-biological whole,” 
and that emotion has a mental and a physical side The mental side consists 
of cognitive, affective, and conative changes 2 The following example illustrates 
the meaning of these terms thus, I hear a noise which I recognize as that of 
an exploding bomb (cognition) , I feel frightened (affect), and I want to take 
shelter (conation) The physical side of an emotion consists of changes m 
viscera and skeletal muscles , these are often widespread and involve the 
coordinated activity of both the autonomic and somatic nervous systems 
Bodily Changes in Emotions — The bodily changes accompanying 
several “ coarse ” emotions are described below 

Fear — “ In fear the eyes and mouth are widely opened and the eyebrows 
raised The heart beats quickly and violently, so that it palpitates or knocks 
against the ribs , the skin becomes pale owing to the vasomotor centre being 
affected in such a manner as to cause contraction of the small arteries of the 
skin , perspiration immediately exudes from the skm, which is cold, hence the 
term, a cold sweat The hairs on the skm stand erect, and the superficial 
muscles shiver The hieathmg is hurried The salivary glands act imperfectly , 
the mouth becomes dry and is often opened and shut , under slight fear there 

\ p UCV ’ J Neurol, Keurosvrg, Psychiat , 1931, 14, 10S 
, * Cognitive, affective, and conative are classical psychological terms Cognition is 
criyed from the Latin “ cognoseere ” (to get to Lnow), an “ affect ” “ pertains to the 
emotions (cf “ affectionate”), it is a “ feeling ” , conation is the faculty of volition 
and is related to desire, urge, drive 
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is a tendency to yawn One of the best-marked symptoms is the trembling 
of all the muscles of the body , and this is often first seen m the lips From 
this cause, and from the dryness of the mouth, the voice becomes husky or 
indistinct or may fail altogether As fear increases into an agony of terror, 
we behold, as under all violent emotion, diversified results The heart beats 
wildly or may fail to act and famtness ensues , there is a death-hke pallor , 
the breathing is laboured , the wings of the nostrils are widely dilated , 
there is a gasping and convulsive motion of the lips, a tremor on the hollow 
cheek, a gulping and catching of the throat , the uncovered and protruding 
eyeballs are fixed on the object of terror, or they may roll restlessly from side 
to side The pupils are said to be enormously dilated The arms may be 
protruded as if to avert some dreadful danger, or may be thrown wildly 
over the head ” (Darwin) 

Grief — “ The chief feature m the physiognomy of grief is its effect on 
voluntary movements There is a feeling of weariness , movements are 
made slowly, without strength, and with exertion, and are limited to the 
fewest possible By this the grieving person gets his outward stamp , he 
walks slowly, unsteadily, draggmg Ins feet and hanging his arms Bis voice 
is weak and without resonance , he prefers to sit still, sunk in himself and 
silent The tone of the muscles is diminished The neck is bent, the head 
hangs (‘ bowed down 5 with grief) With this condition of weakness of the 
muscles there coexists a subjective feeling of weariness and heaviness, of 
something which weighs upon one , one feels ‘ downcast,’ ‘ oppressed,’ 
* laden,’ one speaks of his ‘ weight of sorrow ’ Many c succumb ’ to sorrow 
to such a degree that they cannot stand upright but sink or lean against 
surrounding objects, fall on their knees, or, hke Romeo m the monk’s cell, 
throw themselves upon the earth m their despair But this weakness of the 
entire voluntary motor apparatus is only one side of the physiology of grief 
Another side, belongs to the involuntary muscles, especially those m the walls 
of the blood vessels The vascular muscles are strongly contracted so that the 
tissues and organs of the body become anaemic The immediate consequence 
of this bloodlessness is pallor "and shrunkenness, and the pale colour and 
collapsed features are the peculiarities which, in connection with the relaxation 
of the visage, give to the victim of grief his characteristic physiognomy 
Another regular consequence of the bloodlessness of the skm is a feeling of 
cold and shivering Some secretions are diminished , the mouth grows dry, 
the tongue becomes sticky Other secretions are increased , there is the 
weeping, with its profuse secretion of tears, its swollen reddened face, red 
eyes, and augmented secretion from the nasal mucous membrane ” (Lange) 

Role of Sympathetic and Parasympathetic Systems in Emotional 
Reactions — (1) As already explained, m some e moti onal states, e g m fear, 
the sympathetic nervous system is stimulated as shown "by a quick heart, 
vasoconstriction and rise of blood pressure, dilatation of the pupil and in- 
creased secretion of adrenaline 

(2) In many emotions, however, paias ym yathetic overactivity predomin- 
ates (i) The anxious candidate awaiting a viva-voce examination suffers 
from frequency of micturition , the sacral autonomic is motor to the bladder 
(u) Victorian young ladies used to swoon on the shghtest provocation , 
the swoon is the vaso-vagal syndrome (p 271) m which the heart is slowed 
by vagal overactivity and the vasomotor centre is depressed, with a consequent 
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decreased discharge of sympathetic vasoconstrictor impulses to the blood 
vessels (m) The vagal innervation of the stomach is stimulated m states of 
anxiety and resentment, leading to increased secretion of gastric juice and 
dilatation of the blood vessels of the mucosa (p 520) 

(3) In some emotions there may be complex^ autonomic activity, eg 
mcreased-sympatlietic action m one viscus and increased parasympathetic 
action elsewhere Thus m_gne£ the sympathetic nerves constrict the skin 
Mood vessels while the""' " 11 ' nerves are responsible for the 

secretion of tears and the dood vessels of the eyes In copbus 

the sacral autonomic is responsible for pelvic vasodilatation and erection"of 
the perns while the sympathetic produces cardiac acceleration and a rise of 
Mood pressure 

It is clear that m emotional states the appropriate parts of the autonomic 
system, sympathetic as well as parasympathetic, are employed to produce 
the characteristic and presumably appropriate visceral reactions 

Influences oe Emotional States on Ductless Glands — Emotional 
states influence the secretion of adrenaline (p 731) and of the antidiuretie 
hormone of the posterior pitmtary (p 53) There is evidence that the brain 
regulates the discharge of the anterior pitmtary hormones (p 931) , emotional 
states might m this way indirectly affect the activity of the thyroid (eg 
possibly producing hyperthyroidism (p 980)) and adrenal cortex, and the 
secretion of the hormones of the ovary and the testis 

Central Control of Emotional Exteriorization — Certain regions of 
the cerebral cortex (especially the precentral and prefrontal areas), the 
thalamus, hypothalamus, and brain stem are concerned in regulating and 
mediating the complex coordinated patterns of bodily activity which are 
characteristic of emotional Btates 

1 Role of Cerebral Cortex — (1) Evidence set out on p 670 shows 
that stimulation or excision of parts of the prefrontal lobes (especially areas 
13 and 14 on the orbital surface or area 24 [cmgular gyrus)), may enhance or 
depress the outward manifestations of emotion, alter patterns of behaviour 
and produce changes m the personality 

(2) Following lesions of the pyramidal tracts, especially in cases of bilateral 
lesions of the corticobulbar fibres which control the motor cranial nuclei, 
skeletal muscles which are no longer responsive to voluntary control “ spring 
into action and give free expression to sadness or gaiety ” In a typical case 
there is loss of voluntary movements of the face, but emotional expression is 
preserved intact and is elicited m an exaggerated form by what are normally 
inadequate and inappropriate stimuli The patient may thus display well- 
executed, prolonged fits of laughing, crying, scowling, or frowning which he 
cannot check or control One patient started laughing m this way (for no 
particular reason) at 10 a m and continued with few pauses till after mid- 
night 1 It is important to emphasize that the patient does not experience 
the feelings which his face and body so dramatically exteriorize , there has 
thus been a dissociation of the mental and the physical side of the emotion , 
the mental, especially the “ affective ” component of the emotion is missing 
ouch behaviour is often called pseudaffective , i e there is an outward mani- 
festation of an emotion which is not felt (see pp 642, 667) 

J Compare the behaviour of an mvited audience attending a variety performance 
gn on m the British Broadcasting Corporation’s studios 
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The clinical findings just described indicate that emotional exteriorization 
is essentially an involuntary act which can be mediated by subcortical levels , 
it is, however, normally modified, and to a considerable extent inhibited, by 
cortical influences The extent of such cortical control varies m different 
peoples and different individuals , the strong silent Englishman of fiction 
feels deeply but keeps his emotional exteriorization under iron control , the 
equivalent Frenchman not only has a highly mobile, expressive face but 

exteriorizes his feelings by 
appropriate activities of most 
of his bodily musculature 
2 Role of Subcortex — 

(1) After trans-section of the 
bram m cats just anterior 
to the thalamus, there are 
“ released ” m the resulting 
thalamic preparation “ a group 
of remarkable activities such 
as are usually associated with 
emotional excitement — a sort 
oishamrage ” The most trivial 
stimuli, or no recognizable 
stimuli, set up widespread 
sympathetic activity associ- 
ated with erection of the hairs, 
profuse sweating of the toe- 
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raised arterial blood pressure, 
hyperglycemia, adrenaline 
secretion and bodily move- 
ments such as lashing of the 
tail, kicking, running, and 
even biting 1 The “width and 
energy” of the exteriorization 
“ make it unmistakably the 
counterpart of intense fury m 
the normal animal ” Detailed 
experimental ablations prove 
that m the cat the “ rage 
reaction ’ Ts mediated centrally 


by an area comprising the caudal half of the hypothalamus and the most 
ventral and most caudal fractions of the thalamus 

(2) After removal of the thalamus and hypothalamus by a midbrain 
trans-section (midbrain or decerebrate preparation) a modified, more partial 
and transient rage reaction can be induced reflexly But the response is 
only elicited by powerful stimulation , it consists of less widespread, i e 
more isolated items of behaviour , it may be limited for example to the 
head and show little involvement of the Mscera 

(3) After a midthoracic spinal transection, pseudaffective reactions of a 

1 Compare the almost identical rage reactions displayed by the late Adolf Hitler, 
including the reported biting of the carpet 
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still more limited character may be reflexly produced from the isolated half 
of the spinal cord, e g the flexor withdrawal reflex of a leg on nocuous 
stimulation of the sole of the foot 

It may be concluded that as more of the nervous system is available as 
a reflex centre, the land of stimuli or situations which m the intact animal 
are associated with an “ affect ” (or “ feeling ”), elicit more complex, wide- 
spread, and varied reactions which we recognize as resembling more and 
more closely those outward expressions which m ourselves accompany 
emotions It should be emphasized that the lower the level of a reflex 
“ centre,” the more stereotyped and restricted is the reflex response obtained 
Reflexes employing higher level centres are not only more generalized but 
also more variable m cbaractor and seemingly better adapted to deal with 
the causal situation The fact that emotional exteriorization normally varies 
so much m its pattern and is so nicely adjusted to the nature of the 
stimulus, is almost in itself adequate evidence that it is mediated by relatively 
high cerebral levels The evidence presented above has made clear the role 
of the region of the thalamus and hypothalamus m mediating some of the 
“ coarser ” emotions But even the reactions of the thalamic animal are 
limited m pattern, exaggerated m character, and generally ill-related to the 
causal agent employed We must conclude that it is the integrity of the 
cerebral cortex which introduces the element of refinement, nicety of adjust- 
ment, and greater variegation of pattern into emotional exteriorization 

3 Role of Hypothalamus — As explained on p 716, the nuclei of the 
hypothalamus control both divisions of the autonomic nervous system and 
also influence the activity of the lower motor neurones which supply skeletal 
muscles The hypothalamus is an important centre on the efferent (“ down- 
stream”) side of the mechanisms controlling emotional exteriorization 
(Rig 427) 

(1) Masserman introduced fine electrodes into the hypothalamic region of 
anesthetized cats , the animals were then allowed to recover Subsequently 
the hypothalamus could be stimulated at will m the conscious intact animal 
Such localized electrical stimulation sets up a typical “ rage reaction,” both 
on the visceral and somatic side, indistinguishable from that observed m the 
thalamic animal These responses are diminished by the administration of 
hypnotic drugs such as Amytal or Nembutal , on the other hand the instil- 
lation of a minute amount of Metrazol or picrotoxm initiated “ a crescendo of 
excitement reaching a seeming frenzy of rage and fear ” 

(2) On one occasion de Barenne inadvertently injected strychnine into 
a cat’s hypothalamus (intending it for the thalamus) A few moments after 
the cat had recovered from the ether anaesthesia “ a frightening seizure of 
unleashed fury developed m which the cat dashed madly from one end of 
ttie^room^to the other and from floor to ceiling, savagely attacking anything 

Central Pathways for Emotional Exteriorization — Two-way con- 
are present between the prefrontal cortex and the hypothalamus 
(P 6/0) , fibres also pass both ways between the thalamic nuclei and the hypo- 
tnaiamus (Fig 428) From the latter new relays pass (i) to the appropriate 
supraspinal autonomic centres (e g cardiac, vasomotor) , (n) to nuclei m the 
mm brain and the reticular formation of the pons and medulla , from these 
ceils, relays pass to the appropriate cranial and spinal lower motor neurones 
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Fibres from the precentral and prefrontal regions of the cortex reach this 
region of the brain stem and modify its inherent pattern of reflex response 
Lesions m man of the thalamus, certain parts of the hypothalamus, and the 
dorsal part of the midline region of the bram stem (reticular formation) may 
produce emotional palsy, i e loss of emotional exteriorization, while the volitional 
control of the muscles used m emotional expression remains intact 

Relation of Bodily Changes to Production of Emotional Affective 
State — There are three possible relations between the emotion “ felt ” and 
the emotion “ exteriorized,” i e between the mental and the physiological 
changes 

(i) The stimulus ( i e the causal situation) sets up activity of the brain 
which simultaneously gives rise to the feelmg and the exteriorization 

(n) The stimulus first sets up the feeling which in its turn, by influencing 
the brain, produces the bodily changes 

(m) The stimulus actmg via the bram first reflexly produces the bodily 
changes , the viscero-somatic changes thus set up send back afferent impulses 
which on reaching the bram induce the affective state characteristic of the 
emotion This last suggestion is the James-Lange theory of the emotions 
The views of James are set out more fully m the footnote 1 

The experimental evidence summarized below suggests that James was 
largely m error and that he greatly overestimated the role of the backlash 
from the body to the bram m producing the “ feeling ” (affective) component 
of an emotion 

(1) As pointed out on p 665, appropriate hypothalamic stimulation m 
the intact, unanaesthetized cat produces the exteriorization of rage and fear 
The question arises whether the animal “ felt ” angry or frightened , no 
certain answer can be given because we cannot appeal to the cat to describe 
its feelings , but careful examination of the cat’s behaviour during stimula- 
tion suggests that the animal is not feeling the emotion it is so graphically 
portraying “ The ostensibly aggressive activity during hypothalamic 
stimulation is not directed towards specific objects m the ammal’s environ- 

1 “ The bodily manifestations must be interposed between the stimulus and the emotion , 
we feel sorry because we cry, angry because we strike, afraid because we tremble, and 
not that we cry, strike or tremble as the case may be Without the bodily states follow 
ing on the perception, the latter would be purely cognitive in form, pale, colourless, 
destitute of emotional warmth We might then see the bear and judge it best to run, 
receive the insult and deem it right to strike, but we should not actually feel afraid or 
angry ” “ Objects excite bodily changes by a preorganized mechanism and the changes 

are so infinitely numerous and subtle that the entire organism may be called a sounding 
board, which every change of consciousness, however shght, may make reverberate 
The various permutations and combinations of which these organic activities are 
susceptible make it abstractly possible that no shade of emotion, however shght, should 
be without a bodily reverberation as unique, when taken in its totality, as is the mental 
mood itself ” There follows a purple passage which is an appeal to introspection “ What 
kind of an emotion of fear would be left if the feehng neither of quickened heart beats 
nor of shallow breathing, neither of trembling bps nor of weakened limbs, neither of 
goose flesh nor of visceral stirrings were present, it is quite impossible for me to think 
Can one fancy the state of rage and picture no ebullition m the chest, no flushing of the 
face, no contraction of the muscles, no clenching of the teeth, no impulse to vigorous 
action, but m their stead, hmp muscles, calm breathing, and a placid face ? The present 
writer, for one, certainly cannot In like manner of grief what would it be without its 
tears, its sobs, its suffocation of the heart, its pang in the breast bone ’ A feehngless 
cognition that certain circumstances are deplorable and nothing more Every passion in 
turn tells the same story A purely disembodied human emotion is a nonentity ” 
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ment ” even when -these objects appear to be related causally to its emotion 
The reaction m other ways also, is not adapted to the surroundings “ the 
cat will dash itself repeatedly agamst the sides of the cage and neglect a 
ready avenue of escape ” All the pseudaffective (bodily) reactions “ cease 
abruptly at the end of the stimulus without leaving any of the residue 
(mewing, trembling, hiding) ordinarily observed after c true ’ (‘ felt ’) emo- 
tional states ” The activity induced by hypothalamic stimulation seems to 
carry no greater emotional connotation than would contraction of muscle 
induced by stimulation of a motor nerve Further, if the hypothalamus is 
stimulated while the animal is behaving normally, its activities continue 
almost unchanged until mechanically interfered with by the motor components 
of the induced responses For mstance, during hypothalamic stimulation, an 



Fro 428 — Demonstration by the Method of Physiological 
Neuronography of the Great Wealth of Interconnections 
between Hypothalamus, Thalamus and Cortex (Cat) which 
Integrate these Masses into a Functioning Entity 
(Murphy and Gellhorn, J Neurophysiol , 1945, S, 440 ) 

Left fibres from deep nuclei to corte\ 

Right fibres from cortex to deep nuclei 

GC , angular gyrus PSG, MEG, G P , r arious cortical gyn C S , 
cruciate sulcus DM, VI, dorsomedial and i entrolatcral nucleus 
of thalamus HYPO , hypothalamus 
(There Is of course no need to make any attempt to remember the details 
shown in the Figure ) 


animal will often contmue as best it can to lap milk, purr, clean its fur, or 
respond to petting despite the appearance of the typical changes of “ sham 
rage These results must be contrasted with the immediate abandonment of 
feeding or purring under the influence of true (complete) rage or fear set up 
in the cat, for instance, by the sight of a dog 

(2) In man, intravenous injection of adrenaline, which produces intense 
and generalized sympathetic overactivity, though it gives rise to vague 
symptoms of disquiet, due m part to the violent impact of the heart beating 
orcibly and sometimes irregularly against the chest wall, does not give rise 
o an affective state m any way comparable to that experienced in fear, 
an emotion in which sympathetic overaction is so prominent a feature 

(3) The clinical evidence (p 663) makes it quite certain that the mental 
and physiological sides of an emotion can be completely dissociated a 
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patient with emotional palsy may feel deeply hut displays no bodily changes , 
a patient with a pyramidal tract lesion may manifest the viscero-somatic 
changes which ordinarily accompany emotions but m his case the “ affect ” 
is lacking (he feels nothing) But though the viscero-somatic changes are 
not solely or even mainly responsible for the affect, they may modify it to 
some extent Afferent impulses from the viscera are normally few (in con- 
ditions which do not give rise to pam), but they are presumably set up in a 
modified form when the state of the viscera is altered , again, afferent im- 
pulses from the body wall may be numerous m emotional states The backlash 
occurring during the emotional exteriorization may contribute to, or modify, 
the effective state, but it reinforces rather than initiates the affect (Thus 
the actor may be really moved by his acting, i e by voluntary simulated 
emotional exteriorization ) 

More important than the backlash from the body is the complex sustained 
activity of the higher levels of the central nervous system which is set up 
by any situation inducing intense emotion Thus we find that after removal 
of the cerebral cortex the pseud affective reactions of anger or defence though 
violent (as already emphasized) are shoit lived, and when compared with the 
responses of the whole animal m a hke situation are “ simulacra of mere 
flashes of mimetic passion ” 

The remaimng two possibilities mentioned above, ( 1 ) does the emotion 
felt precede the bodily changes or (n) do the emotion and the bodily changes 
occur simultaneously, represent an attempt to draw a distinction where 
there is httle difference The cortex and subcortex can no longer be con- 
sidered as relatively independent levels, one higher, the other lower It is 
clear that the cortex, especially of the prefrontal lobes, the thalamus, and 
the hypothalamus, are so closely interconnected that m the intact person 
they function as an integrated whole In emotions, activity develops m large 
areas of the brain , these set up a discharge to viscera and muscles ( the exterioriza- 
tion), and at the same lime m an unknown manner they give rise to the mental 
state The evidence set out on pp 670 et seq indicates how important is the 
role of the prefrontal cortex and hypothalamus m relation to both these 
aspects of emotion 


CONNECTIONS AND FUNCTIONS OF THE PREFRONTAL 

LOBES 1 

The prefrontal lobes are the parts of the cerebral cortex which he anterior 
to the excitomotor cortex (areas 4 and 6 and the frontal eyefield region of 
area 8) and which extend on to the medial aspect of the hemisphere as far 
back as the anterior end of the corpus callosum and so include the precallosal 
part of the cmgular gyrus (area 24) 2 The prefrontal lobes increase markedly 
in size as one ascends the phylogenetic scale , but it should be emphasized 
that the parietal and temporal lobes enlarge even more conspicuously 

Connections of the Prefrontal Lobes 3 — These are mainly to and fro 

1 Symposium on Frontal Lobes, lies Pabl Assoc nerv merit Dts , 1948, 27 

2 This region is now frequently called the frontal lobes by clinicians , strictly the 
frontal lobes are the parts of the cerebral cortex anterior to the central sulcus and so 
include the excitomotor areas 

3 Le Gros Clark, Lancet, 1948, l, 3*53 
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with the thalamus and hypothalamus , connections are also established with 
other regions of the cerebral cortex 

Afferent Connections (Fig 429) — (1) Many fibres pass from the medial 
nucleus of the thalamus to most of the areas of the prefrontal lobes (areas 8, 
9, 10, 11, 12 on the lateral and adjacent medial surface , areas 44-47 m the 
inferior frontal convolution) Groups of cells m this thalamic nucleus project 
on to circumscribed areas of the cortex As the medial nucleus of the thalamus 
receives afferents from the hypothalamus it follows that the impulses that 
reach the prefrontal lobes via the medial nucleus represent a “ resultant ” 
of hypothalamic as well as of thalamic activity 

(2) Fibres from the anterior nucleus of the thalamus project on to the 
precallosal part of the cmgular gyrus (area 24) It is known that the hippo- 
campus sends fibres via its efferent tract, the fornix, to end m the mammillary 
bodies of the hypothalamus whence a new relay transmits the impulses 
to the anterior thalamic 


nucleus Whatever its " V — ' — _ 

functions (which are X. 

obscure), the hippocampus 8 \ \ 

is ultimately projected on / — - \ 

™ s " ppressor \ 
Closed-circuit Con- yli \ 

NECTIONS WITH THE ^ \ 

Thalamus — Like most ** '"'-I--') ) / ) 

legions of the cerebral \Ti J 

cortex, the prefrontal lobes ~y aX/ mam body ^ / 

estabhsh to-and-fro con- ( 

nections with the anterior, V y' 

medial, and the adjacent n. jt 

so called “ intralaminar ” 

thalamic nnolpi tlnq Ftmp Fict 429 —Mam Afferent Connection of Prefrontal 
of closed circuit, as dm- Lobes fLe Gros Clark ’ LanCet ’ 1948 ’ *• 354 > 

CUSSed on n A1 7 -ra Medial aspect of right cerebral hemisphere 

it , F , ,/> 1S re ' A = Anterior nucleus of thalamus 

spOUSlble for the resting” M=Medial (dorsomedial) nucleus of thalamus 

n Up t _ j. ° P=Fibre3 from hypothalamus to M 

trocorticogram or V=Mammlilotbalan:ic tract. 

electroencephalogram 

Intercortical Connections — (1) Area 32 (on the medial surface, 
dorsal to the angular gyrus (area 24)) receives afferents from the frontal 
suppressor areas 8s and 24s (Fig 429) and also from the other suppressor areas 
(4s, 2s, 19s) No other connections of area 32 are known The significance of 
this intensive subjection of area 32 to such widespread suppressor influences 
is not understood 
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(-4 A long tract runs back from the frontal eyefield m area 8 to area 18 in the 
occipital lobe (theparasf? tafearea, which surrounds the visual cortex andreceives 
a fr° m A) The frontal lobes are thus linked with the visual system 
i ca res ^ rom P re fr°ntal areas 44r-47 (and also from the occipital 
rea P ass mto the temporal lobes The prefrontal lobes thus estabhsh 
l°^ Uectlons > both direct and roundabout (i e via area 18), with the temporal 
es which m their turn receive numerous association fibres from most parts 
ot the cerebral cortex (Fig 430) 
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Fig 


430 — Association Tracts connecting 

Lobes with Occipital and Temporal Lobes 
Gros Clark, Lancet, 1948, l, 355 ) 

Lateral aspect of cerebral hemisphere 


Efferent Connections (Fig 431)— (1) The suppressor bands 8s and 
24s discharge to the caudate nucleus (p 621) 

(2) Most of the prefrontal lobe areas project mainly to the hypothalamus 
(and thus indirectly influence the autonomic nervous system and the posterior 

pituitary) and to the grey 
matter of the tegmentum 
(midbram) and reticular 
formation of the pons 
As the prefrontal lobes 
are linked up with the 
thalamus and the hypo- 
thalamus by so many 
fibres passing m both 
directions, the whole 
system may be considered 
as functioning as an 
integrated whole The 
prefrontal lobes are linked 
up with the cortical visual 
Prefrontal areas and the temporal 
(L° lobes, they also affect the 
autonomic nervous system 
via the hypothalamus 
(and also more directly via the brain stem) The activities of the nervous 
“ complex ” consisting of prefrontal lobes, thalamus, and hypothalamus are 
correlated with some of the higher intellectual activities, the personality, 
emotional affects and forms 
of behaviour of social 
significance 

Experimental 
Studies — 1 Results of 
Ablation — Some of the 
more striking consequen- 
ces of ablation of the 
prefrontal areas in monkeys 
are summarized below 
(1) Alterations of 
Activity — In the monkey, 
prefrontal ablations, 
especially those involving 
area 13 (on the orbital 
surface) (Fig 432) produce 
initially a state of apathy 
the animal sits with a 
blank expression on its 
face, the head is drooped, 
and it stares into space ignoring the approach of human beings , such 
movements as are carried out are sluggish After some days or weeks 
the animal passes into a state of hyperactivity which persists unchanged 
for months The ammal is constantly on the move, incessantly walking 
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or pacing about “ like a caged lion ” , the movements are without aim 
and the animal seems unable to control or check them Sometimes the 
movements become almost maniacal m their violence , they cease during 
the hours of darkness 

(2) Alterations in Emotional Exteriorization — Monkeys were 
trained to discriminate between weights , when they chose the heavier 
weight correctly they were smtably rewarded The postcentral gyrus was 
then extirpated, with the result that discrimination was grossly impaired 
The animal, finding itself in difficulties about choosmg correctly, often flew 
into a tantrum of rage and annoyance These tantrums were abolished by 
lesions experimentally placed m the prefrontal lobes in area 24 (Fig 431) 
Cases have been recorded m which transverse lesions of the posterior margins 
of areas 13 and 14 have produced a clinical 
state resembling the “ sham rage ” of the 
decorticate ammal (p 664) 

(3) Alterations in Social Behaviour — 

Unilateral or bilateral ablation of the rostral 
part of the cmgular gyrus was immediately 
followed by marked changes m social be- 
haviour 1 The monkey lost its pre-operative 
shyness and fear of man It would approach 
the experimenter and examine his fingers 
with curiosity, instead of cowering (as it 
nould normally) m the far corner of the 
cage In a large cage, with other monkeys, 
it 8hoM r ed no grooming or acts of affection 
towards its companions, m fact, it behaved 
as though they were inanimate It would 
walk over them, walk on them if they 
happened to be m the way, and would even 
sit on them It would openly take food 
from its companions and appeared surprised 
m hen they retaliated , it was not aggressive, 
but seemed merely to have lost its “ social 
conscience ” 

(1) Impairment of Memory — The monkey 
was shown two inverted cups, and food was placed under one of them, 
the monkey was trained to raise the cup covering the food , if it chose 
correctly it was given the food to eat To test the memory a screen was 
placed between the monkey and the cups immediately after one had been 
filled The normal monkey could still make a correct choice after the cups 
had been out of sight for 90 seconds , after prefrontal ablation it might 
choose m rongly after an interval of only 5 seconds 

2 Results of Stimulation — The prefrontal areas by their connections 
with the hypothalamus and also by their direct brain stem connections can 
influence autonomic activities Thus stimulation of area 13 produces changes 
in heart rate, blood pressure, and breathing (Fig 433) Stimulation of the 
central end of the \ agus fibres from the lungs produces circumscribed activity 

IOoo'lTiOI KcurophyswI ’ 1948 > 21 < 13 Glees clal,J Neurol Neurosurg Psychxal 



Fig 432 — Orbital (inferior) 
Surface of Prefrontal Cor- 
tex (After Ruch and 
Slienlun, J Neurophysiol , 
1943, 6 , 349 ) 
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m area 13 and nowhere else m the cerebral cortex Stimulation of area 8 
affects the motility and secretory activity of the gut 

Effects of Excision of Prefrontal Lobes in Man. — The results m 
man are very variable and depend m part on the extent and site of the opera- 
tion and whether it is unilateral or bilateral , graver disturbances are usually 
noted after bilateral excisions If the excitomotor areas are spared there is 
no impairment of volitional movement or alteration m muscle tone or reflexes 
Two case reports will be quoted, one m which the effects of the operation were 
minimal and another m which gross alterations in personahty and behaviour 
appeared 

(1) Case 1 was a mother of six children , she had an extensive umlateral 
resection of the prefrontal area for tumour 1 After the operation, “ she was 
careful of her person, and orderly , her sense of humour and insight were 

intact She talked intelligently and neither 
more nor less than good taste demanded ” 
Her powers of expression are illustrated by 
an extract from a letter written one year 
after the operation “ We will often think 
of you at Christmas, and I am thankful I 
can picture you as you will be, the sunshine 
in the dimng-room and the study, the cheery 
open fire, the children going out skating, 
slipping and Bhdmg on the cold crunch of 
the snow ” Her short-comings may be 
illustrated by the following experience 
“ Fifteen months after the operation Bhe 
planned a simple Bupper for her brother 
and four members of her own family She 
looked forward to it with pleasure and had 
the whole day for preparation When the 
appointed hour arrived she was m the 
kitchen, the food was all there, one or two 
things were on the stove, but the salad was 
not ready, the meat had” not been started 
and she was distressed and confused by her 
long-continued effort alone With help, 
however, the task of preparation was quickly completed and the occasion 
finally went off quite successfully ” It might be added by way ol 
comment that many a woman without a maid might not even have 
ventured to issue such an invitation, and further, that the experiences 
described are not unknown when the housewife has both prefrontal lobes 
intact 

(2) Case 2 m whom the larger part of both frontal lobes was excised 
showed impairment of emotional restraint , he was aggressive and was 
free m his expression of hostility to those around him , though impotent he 
boasted of his sexual vigour Thus at the barber’s shop “ This is a punk 
barber’s shop ” To the barber • “ Why don’t you go to a barbers’ school 
and learn how to give a good shave ” To the next man “ You get the 
lousiest hair-cut m this place ” Or to the doctor “ I will explain to you 

1 Pejifield and Evans, Res Publ Assoc Res ntrv merit Dis , 1934, 13, 352 



Fig 433 — Effects of Stimulation 
of Area 13 on Blood Pressure 
and Respiration (After 
Spencer, Phil Trans roy Soc 
B , 1894, 185, 609 ) 

Note rise of blood pressure and Inhibition 
of respiration 
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some other time while I explain the manner in whicli stock is stocked at the 
present time You hear a man offering more than 100 shares of stock, go 
up to him and say, ‘ Save me 100 shares ’ — m other words you are not elected 
to take this stock until he sells all his stock at a certain price I think a man 
should not be elected to that stock until he sells at one-eighth above the price 
Obbligato foihssimo ' Bunk ! Do you know what that means ? ” He is told, 
“ Not in the least,” and rephes, “ Well, it means anything you want it to 
mean ” Dr Bnckner (D) reports the following conversation with his patient 
(P) in the bathroom The patient began to scratch his genitalia D “ What 
are you doing ? ” P “ I’m itching myself ” D “ It looks to me you are 
masturbating yourself ” P “ Well, I can do that too ” To quote the 
report “ He continued to rub his perns till he had an erection, exhibited 
same in an off-hand manner to the doctor, and then stopped playing with 
himself ” 

Further details of the effects of prefrontal lobe injury m man are given 
below m the discussion of the results of prefrontal leucotomy 

Prefrontal Leucotomy — The experimental finding recorded on p 670 
suggested that deliberate lesions of the prefrontal areas might help certain 
types of mental disorder The operation of prefrontal leucotomy was intro- 
duced by Momz , a burr hole is made on each side of the skull above the 
zygoma and behind the orbital margin A special needle is introduced into 
the brain and carried through an arc upwards and downwards to cut the 
subcortical white fibres in the plane of the coronal suture just anterior to the 
tip of the lateral ventricle The aim of the operation is to sever the connections 
between the thalamus and the piefrontal lobes It should be remembered that 
when the deep thalamocortical connections are cut most of the prefrontal 
cortex is put out of action as the cortical association fibres are relatively 
few (p 669) 

The operation just described is a “ blmd ” one, and the surgeon cannot 
select, precisely, the region which he is to damage or destroy and, m fact, the 
amount of tissue and the region damaged vary considerably , it is not 
surprising, therefore, that the reported results differ in patients who showed 
the same initial clinical disturbances To an increasing extent therapeutic 
loucotomics are being carried out by an operation which enables the surgeon 
to see exactly what he is doing The newer operations consist of section of 
selected parts of the corticothalamic connections or of excision of limi ted 
areas of tho prefrontal cortex (topectomy) 1 

Tho type of mental disorder for which prefrontal leucotomy has been most 
helpful is that showing the clinical picture of “ mental tension ” This is 
described as a “ persistent emotional charge ” sustaining and to some extent 
determining the clinical picture , this “ charge ” is “ always of an unpleasant 
quality, invariably distressing and sometimes intolerable to the patient Its 
presence is shown by irritability, rage, fear or other forms of emotional 
excitation, insomnia, and on the motor side, restlessness, aggressiveness, 
destructiveness or impulsive b eh amour ” 

Generally only chrome cases that have not responded to any other form 
of therapy have been operated on Following the operation there is usually 
an initial state of confusion m which the patient has impaired memory, may 
not know who or where he is and generally shows marked depression of 
1 Beck etal , J merit Sc\ , 1950, 96, 157 
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intellectual activity , there may also be urinary (and occasionally faecal) 
incontinence Some cases pass through a phase of severe irritability in which 
they are restless, tear at their dressings and become abusive and violent on 
the slightest provocation , they are usually ravenously hungry These 
symptoms pass away gradually , a proportion of the patients (e g 30 % in one 
carefully selected series) recover sufficiently to leave the mental hospital and 
live at home or to do useful work , but they rarely fully regam their pre- 
lllness personality and ability 

The principal mental changes after leucotomy are illustrated below 

There is a remarkable change m mood to one of “ visible happmess ” and 
cheerfulness , one patient reported “ I find the world after all a nice place 
to live in ” After the operation it was said of another patient “ Her 
outstanding qualities now are her gaiety of spirits, her energy and love of 
life The patient is easy going, a good mixer, and fond of social activities 
She had a party the other evening and entertamed her friends She played 
the piano, played duets and games Maud’s friends think that a miracle has 
happened She is like the person she was before she became ill, except that 
she is a much happier edition A favourite phrase is * I laughed and laughed ’ 
as she relates some ]oke ” 

The patient after leucotomy has a high opinion of his own abilities and is 
talkative and boastful , but m fact he is less conscientious about his work, 
is less efficient and his higher intellectual activities are impaired He cannot 
settle down, is easily distracted, and always drifting from job to job One 
operated patient described himself as a salesman and supervisor m his 
father’s firm, but the father wrote “ I am sorry he has not found a useful 
occupation yet , being the son of the director he wanted to be appomted 
to a managerial post which he cannot possibly undertake He travels to the 
city about three days weekly and is helpmg m the business for about an hour, 
when he will go off for coffee, return for a little while, and go for lunch, 
returning usually to his home m the early afternoon ” The frequent change 
of job is partly due to inefficiency and partly to restlessness, though the 
patient regards it as evidence of ready adaptability A motor mechamc 
wrote a year after leaving hospital “ I have got on well since I left I 
have been doing nursery work and find it mterestmg Before this I worked 
as a gardener at a hospital here, as a mechamc, also as a sheet-metal worker 
under a friend of mine, and as a farm labourer ” The patients often show 
a great diversity and multiplicity of hobbies and hght interests “ I still 
have my large flights full of birds I have forty canaries, also budgerigars 
and British birds I keep them mostly for shows Also I read a lot of books 
I have my four hives of bees to look after as well And I still have my music 
practice, as I have played a piano accordion for three years now ” But there 
is a marked loss of mterest m serious matters One patient wrote “ A great 
many strong opinions that I used to have seem to have disappeared altogether 
I had, m spite of certain mtelhgent doubts, great rehgious faith, but now I 
seem to have no enthusiasm for any kind of rehgion ” There is something 
shallow about their character , they lack personal friends “ She has not 
made any new friends ” , “ Nobody would be bothered with her ” , “ Nobody 
would make a pal of her, she considers herself first always ” , “ She is not a 
person you could either hke or dislike She is completely colourless ” , 

“ There is a kind of vacancy about her ” 
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The relations may find leucotomized patients difficult to live with The 
main complaints were ( 1 ) shallowness of feeling and lack of affection and of 
consideration for others, even for children , (n) domineering manner, self- 
willed stubbornness, and inaccessibility to reason , and (m) outbursts of 
temper and irritability, with no regret for injury done to others Lack of 
affection was especially distressing to people who had shown the utmost 
consideration for the patient returning after a long absence They found 
that the patient accepted it as a matter of course Wives and children 
felt the emotional estrangement and indifference, and suffered under it 
“ He is not bke his old self , for instance he does not take the interest he 
should in our little girl, aged three years He doesn’t play with her bke 
other fathers He cares for no one but himself” Patients do not worry 
even when they have cause to do so “ He is so far from worrying that he 
seems to treat without much gravity really serious circumstances He behaved 
with his usual calm during a rather unpleasant miscarriage I had in the 
spring, and attended his badminton club, the cmema, and a fishing excursion 
just as usual ” The patient tends to become a “ spiv ” type , or as one woman 
said of her husband “ he is much better but he has lost his soul ” In suc- 
cessful cases the symptoms of the previous psychosis (delusions, hallucinations, 
obsessions, ritual activities such as the endless washmg of the hands, sense of 
guilt and anxiety) more or less disappear 1 

On the whole there is little irresponsible or perverted behaviour in sexual 
life, inside or outside marriage, and few reports of serious conflict with the 
law 

Some patients die weeks or months after the operation from marked 
wasting or uraemia, resulting it is thought from interference with the cortical 
control of visceral functions 2 


CONDITIONED REFLEXES 

Pavlov recognized two distinct classes of reflexes 

( 1 ) The inborn or unconditioned reflex which is present m all norma/ 
members of a species i e what is generally called a reflex, such as the knee- 
jerk, light reflex, secretion of sahva when food is introduced into the mouth 
(Fig 131), and the flexor reflex 

(u) The acquired or condi'ioned reflex which depends for its appearance on 
the formation of new functional connections in the central nervous system, 

1 Another striking example of the sort of personality change that may be produced 
by leucotomj is set out below Encephahtis lethargica in children, damaging many 
parts of the brain, especially tho basal ganglia, may convert the patient into “a bttle 
doul,” with uncontrollable and vicious impulses leading to anything from excessively 
naughty to grosslj criminal acts One patient was taken ill at the age of 10 she 
subscqucntlj developed temper tantrums, screaming attacks and destructive impulses 
She smashed windows and broke crockery, assaulted other children and told lies 
Ultimately p!lG became so unmanageable that she was confined to hospital Bilateral 
leucotomj was carried out at the age of 31 She subsequentlj settled down quietly to 
hospital routine, remained of an even temper, and was cooperative in simple dailj tasks , 
she was contented and could now be allowed homo on parole Her mother reported 
that she was still somewhat impetuous, self-willed and unable to concentrate for anv 
length of time J 

1 McLardy, J Neurol Xcurosurg Psychiat , 1050, 13, 106 
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and is therefore peculiar to the individual The term “ couditioned ” refers 
to the fact that certain conditions must be present if this class of response is 
to develop It would help clear thinking if these reactions were called 
conditioned responses 

A simple example will illustrate how a conditioned reflex is established 
The introduction of food into the mouth is a stimulus which sets up reflexly 
the unconditioned response of salivary secretion, and is therefore termed an 
unconditioned stimulus If a neutral stimulus, e g the ringing of a bell, is 
applied so as to coincide with the unconditioned stimulus (the taking of food), 
and if the procedure is repeated several times the initially neutral stimulus 


Auditory 

CENTRE 


Visual 

CENTRE 



Salivary + + + Excitation 

Secretion Inhibition 


Fig 434 — Reflex Arcs of Excitatory and Inhibitory Conditioned Reflexes 

Note reflex arc of ‘ unconditioned " salivary secretion in response to taste The reflex arcs of eacitatorj 
conditioned reflexes to a tone and to light are shown The “ inhibitor} tono first inhibits tho 
response to the ‘ excitatory tone and later by irradiation that to light also 


finally acquires fresh properties (and nervous connections) and can now of 
itself elicit a secretion of saliva (Fig 434) The flow of saliva m response to 
ringing the bell is an example of a conditioned reflex , the procedure of ringing 
the bell has become for the individual under experiment a conditioned stimulus 
( i e one which elicits a conditioned reflex) 

Conditioned reflexes are always built up primarily on the basis of inborn 
reflexes The salivary reflex is the usual reaction employed because the 
response of the glands can be expressed quantitatively m terms of the volume 
of saliva secreted The salivary duet is usually brought up to the surface, 
the saliva is collected, and the volume automatically recorded , to prevent 
extraneous factors influencing the animal it is usual to have the observer and 
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the recording apparatus in a separate roomfrom that in which the experimental 

animal is placed 1 , . _ _ 

Establishment of Positive or Excitatory Conditioned Reflexes — 

(I) The animal must be alert and in good health, and there must be complete 
freedom from all simultaneously operating nervous influences 

(2) The conditioned stimulus (or rather the external stimulus which is to 
become the conditioned stimulus, e g for eliciting the salivary flow) must 
begin to operate before the unconditioned stimulus is applied , e g the bell 
must begin to sound before any food is put into the mouth [If the reverse 
order is followed, and the new external stimulus is applied after the uncon- 
ditioned stimulus, it fails to acquire any new properties ] The conditioned 
stimulus must also be allowed to continue to act so as to overlap the 
unconditioned, t e the bell continues to ring uhile the animal is being fed 

(3) Almost any stimulus if suitably employed may become a conditioned 
stimulus, it may be one to which the animal was previously indifferent, 
or even one which is nocuous in character Nocuous stimuli normally elicit 
an “ unconditioned defence reaction ” , but, in spite of this, if they are 
not too severe and are suitably combined with the administration of food they 
may become conditioned stimuli eliciting a salivary flow, and no movement 
of defence whatever occurs 

(4) Necessity for Reinforcement — For a conditioned stimulus to retain 
its new properties it is essential that it should always be followed by the 
unconditioned stimulus Thus, in the example previously mentioned, if 
ringing of the bell (conditioned stimulus) is carried out several times alone, 
and is not followed by placing food in the mouth (unconditioned stimulus), 
it soon ceases to elicit a salivary fiow r — m other words, the signal has become 
misleading, it no longer heralds the administration of food and so is ignored 
(p G79) The process of following up a conditioned stimulus with the basic 
unconditioned stimulus is termed reinforcement 

(5) The disappearance of a natural agency may become an effectne con- 
ditioned stimulus Thus a bell is rung continuously while the dog is brought 
into the experimental room The sound is then cut out and food is adminis- 
tered After se\ enl repetitions the cessation of the sound becomes an effective 
conditioned stimulus 2 , and the same applies to a diminution in the loudness 
of the sound 

(C) Duration of Time as a Conditioned Stimulus — The animal is fed at 
regular intervals, e g every 30th minute After a time it is found that even 
when the feeding is omitted, salivary secretion occurs at the 30th minute 
Or the experiment may be varied as follows feed the animal every 30th 
minute, but a few seconds before giving food a metronome is sounded, t e 
the conditioned stimulus now consists of the time interval plus the sound 

J Th<Jyoncept °f conditioned reflexes is by no means new Leibnir, m his 21ona- 
(171-1). writes ns follow <, “ Memory pro\ ides the soul with n hind of consecutiveness 
winch rtscmbles reason, but vhicb is to be distinguished from it Thus we see that when 
animals ha\e a perception of something which stnhes them, and of which they have 
formerly hud a similar perception, thev are led by means of representations in their 
memorj to expect uhat uas combined uith the thing tn the previous perception, and thev 
come to have feelings similar to thoso they had on the previous occasion For instance, 
when n stick is shown to dogs, they remember the pain it has caused them and howl and 
run aw ay 

As happened to Londoners during the Second World War with the “ cut out " of 
tla mg bombs 
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of the metronome When the response has become well established, it is 
found that sounding the metronome at the 29th minute is ineffective, though 
it gives a complete reaction at the 30th 

(7) Secondary Conditioned Reflexes — These are built up on the basis of an 
already firmly conditioned reflex, instead of directly on the unconditioned reflex , 
eg if a fresh neutral stimulus is suitably applied m conjunction with ringing 
of the bell (which is already a conditioned stimulus) it finally becomes a 
conditioned stimulus too 

(8) There is yet a further method of developing conditioned reflexes 
which is of great clinical interest Inject apomorphine — this produces in 
the dog salivation, retching, and vomiting , 1-2 minutes after the injec- 
tion, sound a tone and continue during the time that the characteristic 
symptoms make their appearance After several repetitions, Bounding the 
tone is sufficient to induce the symptoms of the drug, though to a lesser 
degree Similarly after several injections of morphine m the dog, the pre- 
liminary procedures of sterilizing the needle, cleaning the skin, etc , produce 
typical symptoms such as nausea, salivation, vomiting, and sleep In some 
cases the mere sight of the experimenter is sufficient to produce the same 
result It is well known clinically that after a course of injections of 
hypnotic drugs the injection of saline may have a powerful hypnotic effect, 
similarly a sleeping draught can be gradually diluted to a considerable 
degree and yet remain quite effective 

It has often been noted that asthmatics, who develop attacks in the 
presence, say, of a rose, will be equally affected by an artificial rose It may 
be supposed that the appearance (colour, shape) of the rose has become 
a conditioned stimulus grafted on to the basic stimulus of the chemical 
constituents of the flower f-'H 

The secretion of gastric juice in response to the sight of food is also an 
example of a conditioned reflex In puppies brought up on a milk diet, 
the sight of bread or meat arouses no gastric secretion , it is only after these 
foods have been consumed on several occasions that the mere sight of them 
becomes an effective conditioned stimulus for gastric secretion (cf p 777) 

Conditioned reflexes are mediated by the cerebral cortex , they disappear 
when the cortex is completely removed Fig 434 indicates diagrammatically 
how the region of the cerebral cortex which receives the impulses set up 
by the “ conditioned ” stimulus is believed to establish new functional 
connections with the basic (inborn) reflex arc 

Conditioned Inhibition — So far we have been dealing with positive 
conditioned reflexes involving excitation of the nervous system and leading 
to activity of muscles or glands We have next to consider phenomena of 
inhibition m connection with conditioned reflexes These may be divided 
into two quite distinct groups — external and internal In external inhibition 
a positive conditioned reflex is weakened or abolished as a result of some 
competing excitatory reaction which is operating at the same time By internal 
inhibition is meant that a stimulus may be made to acquire the poiver of setting 
up an inhibitory state m the cerebral cortex 

1 External Inhibition — (1) Temporary — The presence of any ex- 
traneous stimulus while the conditioned stimulus is being applied prevents 
the appearance of the conditioned reflex for minutes or even days The 
new stimulus arouses the ammal’s curiosity , the animal looks at and smells 
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the new object and ignores the conditioned stimulus , but if the disturbing 
stimulus is repeated on many occasions and thus becomes familiar it ceases 
to have this inhibitory influence (i e it is itself ignored) 

(2) Permanent — S ometimes the inhibitory influence of the extraneous 
stimulus is of a more lasting character Suppose the introduction of weak 
acid into the mouth has been developed into a conditioned stimulus , if 
concentrated acid is applied so as to produce severe irritation of the 
buccal mucous membrane, no conditioned reflex to acid can be obtained until 
the condition of the mouth is restored to normal (“ once bit, twice shy") 

2 Internal Inhibition —(1) Differential Inhibition — When a 
conditioned reflex is successfully established, eg to a tone of 1000 double 
vibrations (d v ) per second, many other tones simultaneously acquire similar 
properties though to a less degree This is referred to as the 'period of 
generalization — when a senes of accessory reflexes spontaneously develop 
around the central reflex The definitive conditioned stimulus (1000 d v ) is 
now regularly reinforced, but the neighbouring tones (e g 950 d v ) are never 
reinforced , the power of differentiation rapidly develops, i e t he a mmal 
responds strongly to the definitive stimulus but gives no reaction to related 
stimuli It can be shown that the unremforced related stimuli develop 
inhibitory properties as a result of this period of differentiation (Fig 434) 

(1) They show an inhibitory after-effect on the positive conditioned 
veflex 

12 10 Tone (positive conditioned reflex) 5 drops saliva (reinforced) 

12 25 Tone J lower (never remforced) 0 drops saliva 

12 26 Tone 0 5 drops saliva (reinforced), 

t e less than reaction at 12 10, showing presence of an inhibitory 
after-effect 

12 56 Tone 4 drops saliva (reinforced), 

t c inhibitory after-effect has nearly passed away 

(u) Repetition in rapid succession of the unremforced related stimuli gives 
rise to a larger inhibitory after-effect (a process of “ summation ”) 

(2) Extinction — It has already been mentioned that if a conditioned 
stimulus is not followed by the unconditioned stimulus — i e if reinforcement 
is not carried out — the conditioned reflex is gradually weakened and finally 
extinguished 

Example Conditioned stimulus repeated without reinforcement at 
2-nnnute intervals The salivary reactions in drops were successively 
10, 7, 8, 5, 7, 4, 3 

A conditioned reflex which has thus been extinguished tends to return 
spontaneously , the depth of extinction may be measured by the time which 
elapses before the reflex returns to its original intensity 

We suggested above that extinction was simply due to the ammal 
ignoring a signal which had repeatedly proved to be misleading This, 
how ever, by no means represents the whole truth , there is evidence 
that the process of extinction mvoh es m addition the development of an 
inhibitory state m the cortical centres Thus during the development of 
extinction, other conditioned reflexes which may be present in the ammal are 
also weakened, not only conditioned reflexes built up on the same inborn 
reflex, but even those based on other inborn reflexes Further, if the 



680 


CONDITIONED INHIBITION 


unremforced conditioned stimulus is repeatedly applied after extinction is 
complete, it deepens the state of inhibition m the cortex (cf p 683) This 
is called by Pavlov extinction beyond the zero 

(3) Conditioned Inhibition— The method of inducing conditioned 
inhibition — i e a conditioned reflex of an inhibitory or negative character 
as contrasted with the positive or excitatory conditioned reflexes discussed at 
first — is as follows 

Establish a positive conditioned reflex in the usual way let us suppose 
that the conditioned stimulus is the sound of a metronome Now apply 
an additional stimulus m conjunction with the conditioned stimulus, care- 
fully observing certain time relationships which will be described immedi- 
ately , present this combmation on many occasions and never reinforce (with 
the basic unconditioned stimulus), i e never give food It is finally found 
that the combination gives no sahvary response, and that the additional 
stimulus has acquired the 'power of inducing an inhibitory state in the cortex — 
t e it is now a conditioned inhibitor 

Time Relationship — To become an inhibitor the additional stimulus 
must overlap at some stage \\ ith the conditioned stimulus, though its onset may 
precede, coincide with, or follow the onset of the conditioned stimulus, as 
shown in the diagram 

I I I I 1 I 1 I I I I 1 I I I Conditioned stimulus 


I ! 

j I f Additional stimulus 


It can be demonstrated that the additional stimulus, when presented alone, 
can inhibit other positive conditioned stimuli with which it has never previously 
been combined, both stimuli based on the same or on other inborn reflexes, 
it is claimed that it may even inhibit the inborn reflex itself 

Experiment • Two positive conditioned reflexes have been set up the 
conditioned stimuli are (l) the flash of a lamp, (n) a rotating object — each 
of which when presented separately induces sahvary secretion 

The rotating object (only) was then appropriately combined (supra) with 
a tactile stimulus, so that the compound stimulus produced no salivary 
secretion The tactile stimulus thus became a conditioned inhibitor The 
following observations were then made 


Time 

Stimulus applied for 1 minute 

Saliva m drops 

1 38 p m 

Rotating object 

16 

1 50 „ 

Flash of lamp 

17 

A 2 14 „ 

Flash of lamp + tactile stimulus 

2 

2 25 ,, 

Routine reinforcement of rotating object 



by feeding 


B 2 43 „ 

Rotating objeot + tactile stimulus 

0 
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Note that either the rotating object or the flash of the lamp presented alone 
cave a well-marked salivary flow , when the flash was combined for the first 
time with the tactile stimulus (which was the additional stimulus in the 
inhibitory combination) the secretory response was reduced to only 2 drops 
(line A) Obviously the additional stimulus (the tactile stimulus) has 
inhibited another positive conditioned reflex In line B we see how the com- 
bination of the tactile stimulus with the rotating object gives no flow at all 
though the rotating object alone gives a good flow and has just been 

reinforced . . . 

Such observations prove that the additional stimulus has become a 

conditioned inhibitor, i e one that has acquired inhibitory properties 

The inhibitory combination can be shown to exert an inhibitory after-effect 
on its own and other conditioned reflexes 

Experiment Positive conditioned reflex established conditioned stimulus 
(one which produces salivary flow) is rotating object Rotating object plus 
tone form an inhibitory combination, i e they give no salivary secretion , 
the tone is, therefore, the conditioned inhibitor 
The following observations were then made 


Time 

Stimulus during 30 secondB 

Salivary flow (drops) 

3 5pm 

Kota ting object (reinforce) 

7 

3 26 „ 

Rotating object (reinforce) 

6 

3 38 „ 

Rotating object + tone 

0 

3 68 „ 

Rotatmg object 

1 

4 10 „ 

Rotating object 

2 


It will be noted that the inhibitory combination was applied at 3 38, 
and that at 3 58 and at 4 10 the positive response to the rotating object 
alone was still very feeble, 1 and 2 drops respectively, instead of 6 or 7 as 
at first (inhibitory after-effect) 1 

Use of Differentiation in Study of Analysers — Pavlov used the 
term analyser to refer to the peripheral sense organ and the cortical cells 
(“ centre ”) in which the afferent path ends The analysis of external s tim uli 
is effected partly peripherally (p 550) and partly centrally The functional 
capacity of the various analysers— e g auditory, visual, tactile, can be in- 
vestigated by the method of differentiation a positive conditioned reflex 
is established and regularly reinforced , closely related stimuli are never 
reinforced, and one determines whether they develop inhibitory properties—- 
which would be proof of satisfactory differentiation The following results 
have been obtained in the dog It by no means follows (m fact, it is most 
improbable) that exactly similar conditions exist m man 

Acoustic Analyser — Small variations m intensity, and intervals of l- of 
a tone (e g difference between 800 and 812 d v ) can be readily distinguished 
lhe upper range for pitch in the dog (60,000 d v ) is much higher than m 
man lhe effects of injury to the central or peripheral part of the analyser 
can be readily studied Division of the corpus callosum results in loss of the 
power of localizing the side from which a sound comes 


CO j ra °’ ^mpting t0 , co mpare this inhibitory after effect with the inhibitory 
alter discharge described for simple reflexes (p 644) ™ 

22 * 
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VISUAL DIFFERENTIATION IN DOG 

After removal of both temporal lobes m the dog, auditory conditioned 
reflexes still persist to some extent and elementary differentiation can still be 
effected Though the principal part of the auditory analyser is located in the 
temporal lobes, -extensions of it are dispersed widely over a larger area of 
the cortex , possibly the outlying parts are only capable of cruder analytical 
activity (cf p 574) 

Cutaneous Analyser — This analyser in the dog can recognize small 
differences of temperature (1° 0 ), the precise site of stimulation, and the 
difference between rough and smooth (cf p 569) 
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Fig 435 — Visual Differentiation in the Dog 

The various flgoreB shown were successfully differentiated (by the method of 
differential Inhibition) from the white cross (Pavlov, Conditioned 
Reflexes, translated by 6 V Anrep Oxford University Press, 1927 

Visual Analyser — Very slight differences m luminosity can be appre- 
ciated different shades of grey can be differentiated which appear identical 
to the human eye The colour sense, however, is very rudimentary A 
circle can be distinguished from an ellipse, the limit being when the axes 
of the latter are m the ratio of 9 to 8 The various figures shown m Fig 435 
were successfully differentiated from the white cross 

After extirpation of both occipital lobes object viBion completely dis- 
appears , with limited injuries it is possible to demonstrate loss of parts of 
the field of vision (cf p 580) The interesting observation has been made that 
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the anterior part of the cerebral cortex in the dog is capable of rudimentary 
visual analysis when the posterior half of the cerebrum is removed, stable 
conditioned reflexes can still be estabbshed to changes m the intensity of 
illumination, and the animal can avoid dark objects m a bnghtroom and walk 
out through an open door guided by differences in luminosity 

Inhibitory Effect of Prolonged Use of Excitatory Conditioned 
Reflexes — When an excitatory conditioned reflex has been elicited on 
many occasions over a prolonged period the response obtained tends to 
dwindle and disappear , finally the conditioned stimulus develops inhibitory 
properties and may depress other conditioned reflexes which are present m 
the ammal If its use is discontinued other conditioned reflexes become 
enhanced Sometimes, if an excitatory conditioned stimulus is applied 
repeatedly dur ing a short period, the animal becomes inert, all positive 
conditioned reflexes disappear, and the ammal may even decline the food 
which is offered it during routine reinforcement If new stimuli are now 
applied, the ammal brightens up and the other positive conditioned reflexes 
return These observations illustrate well the depressing effect of monotony 
and the stimulating action of a change m the environment 

Spread of Conditioned Inhibition — Experiments will be described 
to show that when conditioned inhibition is produced it first afEects 
small localized areaB in one analyser, then it spreads to involve more of 
the same analyser, later, the effect may involve the greater subcortical 
whole of the cortex, and finally the inhibition may reach the part or the 
centres too 

(1) Sfread in one Analyser — Positive conditioned reflexes are estab- 
lished m response to tactile stimulation of four points (I, 2, 3, 4) on the akin 
of a hmb, and a negative ( inhibitory ) reflex is estabbshed by differential 
inhibition to a fifth point 0 The spots are thus arranged (distances are 
measured from 0) (Eig 436) 

0 1 2 3 4 

(3 cm ) (9 cm ) (15 cm ) (22 cm ) 


Stimulation of points 1, 2, 3, or 4 yields 5 drops of sahva 
Expt (i) Stimulate point 0 three times at 1 minute intervals 0, 0, 0 drops 
1 minute later stimulate point 1 0 drops (instead of usual 5) 

P ause (n) Again stimulate point 0 three times as m (i) 0, 0, 0 drops 

1 minute later stimulate point 2 3 drops (instead of usual 5) 

P ause (m) Again stimulate point 0 three times as in (i) 0, 0, 0 drops 
1 minute later stimulate point 3 5 drops 
It is clear that the summated inhibitory effect of stimulating point 0 depresses 
the response from the adjacent spots 1 and 2 but not that from remoter spots 
e g point 3 (SeeEig 436 ) One can suppose that the central projection of 
tne spots bears a somewhat similar relationship to that found in the skm 
p 570) , this experiment thus demonstrates that inhibition may involve 
adjacent parts of the analyser without affecting more distant pomts 

nmnM set up by stimulating point 0 disappears m 

point 1 in 10 minutes, and in point 2 m 5 minutes , i e recovery occurs first 
m the outer fringe of the inhibitory effect 7 * 

(2) Spread to other Analysers —When the intensity of the inhibition 



684 


SPREAD TO WHOLE CORTEX 


is high it may involve other analysers, and conditioned reflexes based on 
them may be weakened (Fig 434) es Dased on 

Expt Pofal ^ve conditioned stimulus 1 (tone 4000 d v ), yields 12 drops 
Semitone lower is given inhibitory properties by di fierentiation P 
Positive conditioned stimulus 2 (rotating object), based on another- 
tne visual — analyser, yields 7 drops 
(i) Apply tone 12 drops Reinforce Apply semitone twice 0,0 
1 minute Inter, Tone 5 drops 

(n) Show rotating object 7 drops Reinforce Apply semitone twice 0 0 
1 minute later. Rotating object 7 drops , 1 ’ 

i e two repetitions of the semitone produces inhibitory effects on other 



°> 4 roluts on skin and corresponding regions of cutaneous analjscr 

The sign + (on the shin area) Indicates that the stimulus was reinforced, 
and the sign — that It was not reinforced In the cortex, + and — 
represent central excitation and central Inhibition respcctixelj 


conditioned reflexes based on the same analyser, but not on reflexes based 
on another analyser 

(m) Apply tone 12 drops Reinforce Apply semitone four tunes 0, 0, 0, 0 
1 minute later, Tone 1 drop 

(iv) Show rotating object 7 drops Reinforce Apply semitone four 
times 0, 0, 0, 0 * J 

1 minute later, Rotating object 3 drops , 
t e four repetitions of the inhibitory stimulus depress its own (auditory) 
analyser further, and also exert an inhibitory influence on the visual analyser 
Recovery takes place more rapidly in the distant analyser 
(3) Spbead to Whole Cortex —When inhibitory reactions are being 
elicited, the following phenomena may be noted the inhibitory process 
involves the whole cortex, as proved by disappearance of all conditioned 
reflexes Extraneous stimuli, unless exceptionally powerful, fail to elicit any 
reaction The ammal, nevertheless, “ maintains an alert posture it stands 
with wide-open immovable eyes, head up, extremities extended, not seeking 
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support m the loops, remaining motionless sometimes for minutes and some- 
times for hours On changing the position of an extremity it retains the 
new position The presentation of food brings about no reaction ’ Pavlov 
suggests that the subcortical centres remain at work so that a posture not 
unlike that of decerebrate rigidity is maintained reflexly, but independently 
of the cortical centres 

( 4 ) Spread to Sdbcortex — -V ery often when differential inhibition is 
being carried out the ammal becomes drowsy and falls fast asleep The brain 
stem centres are now also inhibited as shown by loss of tone, relaxation of 
skeletal muscles, drooping of the head, sagging limbs, and body hanging 
limply m the supporting loops 

On the basis of these observations, Pavlov has argued (probably wrongly) 
that natural sleep is merely a widespread process of internal inhibition (cf 
p 686) It is interesting to note, however, that sleep may be of a patchy 
character, leaving one analyser relatively free, as m the sleep of the anxious 
mother who is readily awakened by the slightest sound from her child 

Cortical inhibition (or “ localized sleep ”) can be restricted to its own 
analyser by the appropriate application of excitatory conditioned reflexes 
Thus a certain tone was turned into a positive conditioned stimulus , various 
other tones up and down the scale were given inhibitory properties If the 
inhibitory stimuli were applied too often, the ammal fell into a deep sleep , 
but if a smtable balance was kept between the excitatory and inhibitory 
stimuh, the ammal remained alert 1 

/ Sleep 2 — It will be convenient to consider at this point the phenomena of 
sleep and the views which have been expressed as to their causation and 
significance 

Phenomena of Sleep — The outward phenomena of sleep need no descrip- 
tion There is a fall of blood pressure and a decr ease m the heart rate , 
there is no evidence of cerebral anaemia The respiratory rate may be un- 
changed or even increased but the total pulmonary ventilation is decreased 
sufficiently toproduce a rise m the C0 2 tension in the alveolar air and arterial 
blood The metabolic rate is lowered , thus m a six-year-old boy the hourly 
heat production was three times higher when he was awake than when he was 
asleep Gastric tonus is unaffected, and well-marked hunger contractions 
may take place A smaller volume of urine is secreted Owing to C0 2 
retention there is a respiratory acidsemia which is compensated for by the 
kidney by the excretion of more acid and ammonium salts Skeletal, muscle 
ismarkedly relaxed, and in association with this loss of tone the_.deep reflexes 
(eg the knee-]erk) aye-abolished- Usmg accurate recording devices it “can be 
shown, however, that the degree of restfulness vanes, and periods occur when 
some degree of muscular activity can be detected The normal plantar reflex 
is absent and is replaced by the Babmski response (p 692) this indicates 
that the discharge from the motor cortex is m abeyance during sleep The 
light reflex can be readily elicited The axis of the eyes may be deviated in 
any direction, but the pupi ls are always small The position of the body as a 

, S , co ?*7 lo X S , bo , ol i; Conditioned Reflexes An Investigation of the Physiological 
V r ll { ( ?L h c °f eb f, al translated and edited by G V Anrep, Oxford University 

Press, 1927, for further particulars , the details of experiments cited m this chapter are 

"J IKS Tc^rM43 ' P “°‘ ° f " P ' 6 “”‘ 6d ,n M ““' 

s Klcitman, Physiol Rev , 1929, 9, 624 
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•whole varies widely during sleep in different individuals and species Soldiers 
have been reported to continue standing on parade or marching after falling 
asleep , horses normally sleep standing on four legs But as a rule the righting 
reflexes are lost during sleep Cortical action potentials cease or are pro- 
foundly modified (p 625) 1 

Effects of Prolonged Wakefulness — The general effects of this con- 
dition (familiar to the many who have experienced long periods of aerial 
bombardment) are common knowledge, but very few precise experiments 
have been carried out Subjects have been kept awake for periods varying 
from 40 to 115 hours Negligible physical changes were noted, and it is 
claimed that the mental capabilities were m no way diminished This last 
conclusion can hardly be accepted as it is contrary to general experience , 
probably the tests employed were of too simple and crude a character Most 
people who have had inadequate sleep JincLit- difficult .to concentrate, are 
unable to carry out difficult mental activities, and have lost their normal 
alertness and sense of well-being 

Theories of Sleep — Literature is full of explanations of the purposes 
served by sleep “ Sleep that knits up the ravell’d sleave of care, the death 
of each day’s life, sore labour’s bath, balm of hurt minds, great nature’s 
second course, chief nounsher in life’s feast,” and so on Possibly the poets 
are right that sleep enables the body to recuperate from the effects of the 
toils and troubles of the day But which part of the body needs such a 
prolonged recovery period ? As we have seen, the autonomic nervous system 
continues to function m much the same way during sleep as during waking 
hours, though there is possibly lessened sympathetic and greater para- 
sympathetic activity , the vital centres m the medulla oblongata continue 
m the main to carry out their normal functions It is the skeletal musculature 
(with the striking exception of the muscles used m rhythmic respiration) 
which is reduced to comparative quiescence , sleep essentially involves 
reduced and modified activity or actual inactivity of the higher parts of the 
brain and especially of the cerebral cortex We do not know why the cerebral 
grey matter should need these long periods of rest, but as pointed out on p 492, 
the oxygen consumption of brain tissue is always very high It may be 
supposed that the changes which take place m nerve cells are not fully 
recovered from during waking hours, and that a sort of “ debt ” is incurred 
which can only be discharged during periods of sleep This view is a modifica- 
tion of the once fashionable “ hypnotoxm ” theory which suggested that a 
noxious chemical agent accumulates m the brain, and when present m 
sufficiently high concentration arrests cerebral activity which does not recover 
again till the alleged toxin is destroyed Too little is known, however, of the 
metabolism of brain tissue to make these more than mterestmg and untested 
suggestions 

Pavlov’s views that sleep represents a state of what may be called “ active ” 
cortical inhibition were discussed above (p 685) Koch (p 766) showed that 
afferent impulses from the carotid sinuses may produce a state indistinguish- 
able from sleep But it is very difficult to see any real resemblance between 
the methods employed by Pavlov or Koch to produce sleep m experimental 

i Depth of sleep vanes during the sleep penod It reaches a maximum dunng the 
first hour, after which it gradually diminishes, to decrease rapidly towards the time of 
waking 
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dogs and the way m which we normally compose ourselves to sleep Sleep 
cannot he regarded as an acquired reaction, which conditioned reflexes 
(by definition) essentially are, m face of the fact that new-born babies 
sleep for some 23 hours a day and may have to be wakened for their 
feeds 

It seems possible that the basic condition of the brain is that of sleep from 
which we have to be actively stirred into wakefulness Stress must be laid 
on the fact that to produce an efferent discharge a continual afferent drive is 
usually needed The preparations for sleep reuuce the sensory stream to a 
minimum level the quiet room, the closed eyes, and the relaxation of the 
muscles all reduce the incoming impulses from the dominant distance 
receptors, and also from the proprioceptors We may suppose that 
in the absence of an adequate afferent stream cerebral activity is 
suspended 

Relation oe Nerve Centres to Sleep — Developing this theme it has 
been suggested that sleep may be the result of some “ block ” at the level, 
say, of the thalamus, which cuts off the cerebral cortex from afferent impulse 
streams There is a goocl deal’ of evidence that sleep and wake are related 
to the state of this level of the brain Disturbances of the hypothalamic 
nuclei, for example, may be associated with derangements of sleep (p 718) 
In encephalitis lethargica, derangements of sleep are common, either in the 
form of prolonged periods of sleep or m the inverse form of marked sleepless- 
ness In these cases Economo found lesions m the grey matter surrounding 
the third ventricle and the Sylvian aqueduct He suggests that these regions 
act m some way as a “ sleep centre ” It is more likely that disease of this 
neighbourhood may interrupt essential ascending or descending tracts 
Disorders of sleep may occur without apparent involvement of the principal 
long sensory or motor paths 

Injection of ergotamme (ergotoxm) into the third ventricle of animals 
may induce sleep of a seemingly normal character The significance of this 
observation is difficult to assess The sleep may be the result of the action 
of the drug on the adjacent hypothalamic nuclei 

Hess has described a technique by means of which special insulated, 
fine-pointed electrodes can be introduced into the brain of unansesthetized 
normal ammals and locabzed areas may thus be stimulated If the grey 
matter in the midhne m the region extending backwards from the thalamus 
along the neuraxis is stimulated, sleep is induced which has all the normal 
physical accompaniments When stimulation is discontinued the animal 
wakes up again The experiment can be repeated many times in the same 
subject, proving that it is not due to destructive effects Stimulation of 
closely adjacent regions may give rise to bursts of activity — e g “ une veritable 
gloutonnene,” epileptiform attacks or coordinated defalcation or micturition 
Hess suggests that a subcortical centre “ presides ” over the fundamental 
cycle of sleep and wake It might act m one of two ways by sending afferent 
inhibitory impulses to the cortex which induce a state of sleep or (as mentioned 

above) by interrupting excitatory impulses which maintain a state of wakeful- 
ness 

No final conclusions can yet be reached, but it seems clear that the 
same common end result of sleep may be brought about m a variety 
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THE SPINAL CORD AND BRAIN STEM 1 


The Spinal Coed (Medulla Spinalis) 

We have already discussed fully the various ascending and descending 
tracts of the spinal cord It remains here to summarize the facts briefly 
(Fig 437) 

A Descending Tracts — (1) Crossed pyramidal tract [lateral cortico- 
spinal tract] lies m the lateral columns of the cord It is derived from the 
cells of layer V of the opposite precentral cortex (p 632) 

(2) Direct pyramidal tract 
[ventral corticospinal tract] 
m the ventral columns close to 
the anterior median fissure It 
does not extend below the 
midthoracic region The fibres 
cross in the ventral commissure 
to the opposite side The 
pyramidal tracts end round 
ventral horn cells both directly 
and indirectly via the dorsal 
group of mterneurones (p 633) 

(3) Descending fibres from 
(l) the nuclei of the reticular 
formation of the pons and 
medulla — reticulospinal fibres , 
(n) olivary nucleus— bulbospinal 
tract, (m) vestibular nuclei — 
vestibulospinal tract , (iv) red 
nucleus — rubrospinal tract In 
man most of the fibres from the 
red nucleus after crossing, 
connect with the reticular 
nuclei of the bram stem , the 
impulses then continue down 
in the reticulospinal tracts , 
(v) superior colliculi— tectospinal 

tract which passes down the median longitudinal bundle in the brain 
stem All these descending tracts he inter min gled m the spinal cord in 
the ventrolateral region and end round ventral horn cells both directly 
and indirectly via the ventral group of mterneurones (p 585) 

Some of these descending fibres are a relay of inhibitory pathways from the 
cortex (p 623), others are a relay of facilitatory pathways (p 629) 

B Ascending Tracts — (1) Funiculus gracihs and fumculus cuneatus 
(tracts of Goll and Burdach) in the dorsal columns of the cord , their cell 
bodies are m the dorsal root ganglia of their own side These tracts end 
in the nuclei gracihs and cuneatus m the medulla The fumculus gracihs 
lies medial to the fumculus cuneatus (p 559) The tract of Lissauer [dorso- 
1 Raneou and Clark, Anatomy of Nervous System, 8th edn , Philadelphia, 1947 



Fra 437 — Diagram showing the Ascending (R ght 
Side) and Descending (Loft Side) Tracts of the 
Spinal Cord (Sharpey Schafer ) 

1 Crossed pyramidal tract, 2 Direct pjrunldai trnct, 

3 Ventrolateral descending , 3a Bundle of Hein eg , 

4 Rubrospinal , 5 Comma , G Funiculus gracilis (tract 
of Goll) , 7 Funiculus cuneatus (trnct of Burdach) , 
8 Lissauer s tract , 9 Dorsal spinocerebellar tract , 
10 Spinothalamic and ventral spinocerebellar , a m 
Septo marginal , s pi Superficial dorsolateral fibres , 
a-a * Cells in ventral horn , i Cells in lateral horn of 
grey matter (conncotor cells of sj mpnthctic) , p Colls of 
dorsal horn , d Clarke s column of cells The scattered 
dots indicate the situation of * endogenous ” fibres 
(arising in the grey matter of the cord) and haung for 
the most part a short course Mnnj of these which He 
near the grey matter have not been indicated 
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lateral tract] consists of short ascending and descending nociceptive fibres of 
the dorsal nerve roots (p 555) 

(2) ( 1 ) Dorsal spinocerebellar tract arises in Clarke s column of cells 
(dorsal nucleus) of its own side and passes up the restiform body [inferior 
peduncle] to end m the cerebellum 

(n) Ventral spinocerebellar tract arises m Clarke’s column of cells of the 
same and opposite side and enters the cerebellum via the brachium con- 
junctivum [superior peduncle] (p 606) 

(3) Spinothalamic tract from dorsal horn cells of the opposite side of 
the cord These fibres cross obliquely m the grey commissure to the opposite 
ventrolateral region of the white matter, and ascend to end m the thalamus 
(p 559) In the spinal cord the spinothalamic tract consists of a lateral and 
a ventral part 

C Propriospinal Tracts — The fibres arise m cells m the cord and end 
m the cord They are very numerous and may be divided into (l) shot t, 
connecting adjacent segments , (u) long, connecting more distant segments 
of the cord, e g arm and leg “ centres ” and thus subserving long spinal 
reflexes, e g reflexes from the foot affecting the hand or reflexes m the reverse 
direction The propriospinal tracts are both ascending and descending , 
they weld the spmal cord into an integrated whole, m the same way that 
longer paths integrate the spinal cord with the bram stem 

The Table below gives information of value clinically m the diagnosis of 
the level of a lesion of the spinal cord 


SEGMENTAL DISTRIBUTION IN THE SPINAL CORD (Collibr and Adib) 


Segment 

Muscles 

Reflexes 

C4 

Spmati 


C 5 , 

Deltoid, biceps brachn, brachialis, brachio- 

Biceps and supinator- 


radialis 

jerk 

C6 

Pronators of forearm 

Pronator-jerk 

C7 

Tnceps, extensors of wrist and fingers 

Triceps-] erk 

C8 

Flexors of wrist and fingers 


ThI 

Small muscles of hand 


Th2-I0 

Intercostal muscles 


Th7-12 

MuscleB of abdominal wall 

Abdominal reflexes 

TM2-L3 

Psoas 

L2, cremasteric reflex 

L3 

Adductors of thigh 


14 

Quadnceps, abductors of thigh 

Knee-jerk 

L5 

Hamstrings 


Si 

Glutei, posterior calf muscles 

Ankle-jerk 

S2 

Anterior tibials, peronei, small muscles of foot 

Plantar reflex 


Complete Trans-section of Cord — The account which follows is based 
on the findings m cases of spinal mj ury occurring during the First W orld War , 1 
it is supplemented by the somewhat different observations made during the 
becond World War 2 The accidents of civil life or acute transverse section 
loUowmg on inflammatory or vascular lesions produce very similar pheno- 
mena , practically identical results are seen, too, m the experimental animal 

1 ~ eac * al V* Riddoch, Bram, 1917, 40, 188-263 Riddoch, ibid , 263-402 
- Kuhn, ibid , 1960, 73, 1 ’ 
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In acute trans-section of the cord the patient feels himself cut m two The 
higher centres are unaffected and the mind remains clear, hut the whole of 
the body beloiv the level of the lesion is deprived of all activity 

Stage of Flaccidity — The muscles are completely paralysed , all the 
reflexes are abohshed and muscle tone is lost , the muscles he m any position 
imposed on them by gravity There is complete loss of all sensation , 
cramp-hke pains, however, are present at the level of the lesion The bladder 
and rectum are generally paralysed The sphincter vesicse, however, frequently 
retains its functions, or recovers very rapidly, with consequent retention of 
urine (see p 772) The perns is flaccid, and erection is impossible As the 
vasoconstrictor fibres leave the cord between the first thoracic and second 
lumbar segments, a trans-section below the level of the second lumbar pro- 
duces very little fall of blood pressure, while section at the first thoracic level 
causes a fall of blood pressure equal to that resulting from destruction of the 
vasomotor centre, i e to a level of 40 mm Hg (cf p 303) 

The venous return from the limbs depends largely on the contractions 
of the skeletal muscles The amount of blood reaching a muscle depends, 
too, on the functional activity of the part (p 432) Owing to the complete 
immobility of the lower limbs, the blood flow reaching them is decreased 
and the venous return is impeded The paralysed parts are consequently 
cold and blue The limbs may swell if any abnormal tilting of the pelvis 
obstructs the femoral veins The skin is dry and is very liable to be affected 
by serious sloughing bed-sores 

If the lesion is at the level of the sixth thoracic segment, all impulses 
coming m from the abdominal viscera are cut off from the brain Griping 
sensations or distension of the viscera are not appreciated 

The above phenomena belong to the stage of flaccidity It is obvious 
that the isolated segments of the spinal cord have lost their power of mediat- 
ing reflex functions To this temporary state, the term spinal shock is 
applied 1 In looking for the cause of this condition the following facts must 
be noted 

Spinal Shock — (1) The shock affects the distal segments of the cord 
only and not the segments headward to the injury The monkey with its 
cord divided in the thoracic region, goes on looking out of the window and 
catching flies The fall of blood pressure is not responsible for shock, because 
the fall is equally marked* in the headward part of the animal, which does not 
suffer at all as a result of the trans-section 

(2) Operative shock plays no essential part The method of trans-section 
is unimportant , cutting the cord across quickly or tearing it deliberately 
makes no difference Furthermore, if the animal is allowed to recover from 
the shock and a second trans-section is then made a few segments lower down, 
the reflex activities of the distal end of the cord are quite unaffected by the 
second operation 

(3) The higher the animal is m the scale of development, the more pro- 
found and TheTmore 'lasting is the condition of spinal shock In the cat it 
lasts a few moments, m the monkey a few days, while in man it persists for 
about three weeks In the higher ammals the spinal cord has few truly 

1 It is noteworthy that no such condition of “ shock ” follows trans section of the 
brain stern in animals In some patients with complete spinal trans seotion the degree of 
shock is much less marked than here described , some reflexes may never disappear 
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autonomous activities , it is largely dominated by the cortical and subcortical 
centres which in turn are driven mainly by the great sense organs of the head 
As the cord is so dependent on the higher nervous levels, -the cord is tem- 
porarily “_thro\vn out of gear ” when their directing influence is cut" off, and 
sometime^ must elapse before it regains its primitive powers of independent 
activity This work supports the view that the simple spinal reflex ' is ' a 
<r fidtion ” and that nearly all so-called spinal reflexes also employ long arcs 
involving the higher levels of the central nervous system (cf p 530) 

The general principle which emerges from this discussion is very important 
The nervous system does not consist of a senes of isolated units but is a closely 
kmt and integrated whole Damage to any part of the nervous Bystem 
disturbs its smoothness of working, and until compensation has been estab- 
lished, the functional failure is more severe than can be accounted for by the 
anatomical lesion We have already noted that immediately after an acute 
lesion of the internal capsule in man, producing hemiplegia, reflex spinal 
activities m the paralysed hmbs remain m abeyance for some time, e g tone 
is lost, and the reflexes are absent (p 642) To this depression of function in 
distant parts of the nervous system the term diaschisis (Monakow) is applied 

Stage of Reflex Activity — As the stage of shock passes off, functional 
activity returns first in smooth muscle The sphincter vesicse (if affected at 
all) recovers very soon, but the detrusor of the bladder regains its powers 
more slowly The consequent retention of urine must be dealt with by 
catheterization Tone next returns to the hitherto paralysed blood vessels, 
as the connector cells in the cord begin to act independently of the vaso- 
motor centre The blood pressure is thus restored to about its normal level 
The isolated segments of the cord can also mediate as centres for vasomotor 
reflexes 

1 Muscle Tone — Tone in skeletal muscle returns after two or three 
weeks The flexor muscles of the lower hmbs now become less flabby and 
offer some resistance to the fingers This returning tone is, of course, reflex 
m character and is produced by impulses entering the cord from the muscles 
It is worth noting that the isolated cord “ favours ” the flexor neurones and 
muscles, and this fact will make clear many of the findings thus the extensor 
muscles remain flabby for a much longer period and never attain the same 
degree of tone as the flexors All the muscles, however, are hypotonic, even 
the flexors themselves because the stretch reflexes (which are mainly res- 
ponsible for muscle tone) are feeble when mediated by the spinal cord alone 
especially in man, and need reinforcement from the brain stem centres 
(cf p 583) The limbs tend to adopt a position of slight flexion, and the 
paralysis is therefore referred to as paraplegia inflexion , the posture is feebly 
maintained, and the limbs cannot support the body weight Unless some 
intercurrent disease is present, the muscles undergo no wasting, because, 
though paralysed for voluntary movements, they are m constant reflex 
activity 

2 Reflex Movements — Spontaneous involuntary flexor movements of 
the limbs occur The small toes are separated and raised , the anterior 
tibials the hamstrings, recti abdominis, and adductors of the thigh can be 
lelt to harden, but their load is initially too great and they fail to move the 
limbs Contraction of these flexor groups of muscles is accompanied by 
reciprocal inhibition of the extensor muscles of the hmbs 
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(1) Plexor Reflex — The reflex movement that returns first as the flexor 
lejlex To elicit this reflex a nocuous stimulus is necessary, i e one which 
tends to injure the part and which causes pam m the intact organism The 
reflex is obtained most easily by stimulating the skm or deep structures of the 
sole of the foot, but the maximum receptive field is much wider than this, so 
that when the cord has recovered, stimulation of the leg as high as the grom 
or perineum is effective Prom the latter regions a stronger stimulus is 
necessary, and the response is less constant in its appearance The movement 
consists of dorsiflexion (“ upward movement ”) of the hig toe 1 and abduction 
of the othei toes , these reflex toe movements constitute the Babmski response 
(p 645) , as the reflex spreads there is dorsiflexion of the foot, flexion of the 
knee and hip, and abduction of the thigh The antagonistic muscles are 
inhibited 

The flexor reflex is a withdrawal or defence reflex which removes the limb 
from an injurious agency All the muscles which are contracted m the flexor 
reflex are called physiological flexors , the antagonists (which contract m 
the extensor thrust or the crossed extensor reflex (p 537)) are physiological 
extensors It should particularly be noted that the dotsi-flexors of the ankle 
are the physiological flexors m that region 

The normal plantar reflex in man m response to stimulation of the sole 
of the foot consists of a downward movement, i e plantar flexion of the toes , 
it only appears with the development of the pyramidal tracts and replaces 
the more primitive reflex 2 In the normal plantar reflex the tensor fascia) 
femons contracts , in the abnormal Babmski response the hamstrmg muscles 
generally harden In spinal animals the flexor reflex often spreads to involve 
the extensor muscles of the opposite limb (the crossed extensor reflex) In 
man this does not usually occur The reflex is either limited to the same 
hmb or produces flexion of the opposite limb 

(2) Mass Reflex — In some cases a very widespread reaction is readily 
ehcited by scratching any point on the lower limbs or the anterior abdominal 
wall below the level of the lesion The response obtained consists of 

(l) Flexor spasms of both lower extremities and contraction of the anterior 
abdomnia 1 wall 

(n) Evacuation of the bladder even when its contents may only be half 
the amount which must normally be present before reflex emptying occurs , 
this may be partly due to the abdominal compression raising intravesical 
pressure to threshold level (p 772) 

(in) Profuse sweating below the level of the lesion To understand the 
distribution of the sweating, it must be remembered that the sweat fibres to 
the head and neck arise from Thl, 2, and those to the arm from Th5-9 With 
a lesion at the level of Thl, the whole body sweats when the mass reflex is 
obtained, as all the sympathetic fibres leave the cord below the level of the 
lesion 

1 The other toes may sometimes plantar flex 

s Following pyramidal tract lesions the normal plantar reflex is abolished and replaced 
by a “ fractionated ” flexor reflex — the Babmski response In some cases tho reflex can 
bo ehcited from upper parts of the receptive field, e g by pinching the calf muscles (Gordon’s 
reflex) or firmly stroking the front of the tibia (Oppenheim’s reflex) The Babmski response 
is the normal finding in new-born infants and may persist during the whole of the first 
year of life this may perhaps be related to the supposed non-functioning of the pyramidal 
tracts at this time 
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(3) Coitus Reflex — Tins is produced, by stimulation of tlie glans perns, 
or the s kin round the genitals, anterior abdominal wall, or anterior and inner 
surface of the thighs The response consists of swelling and stiffening of 
the perns, withdrawal of the testes because of contraction of the cremaster 
muscles and curling up of the scrotal shin from the action of the dartos 
The recti abdominis, flexors of the hip, and adductors of the thighs also 
contract Seminal emission may occur On ceasing stimulation, the penis 
and lower limbs relax (cf p 1104) 

(4) Deep Reflexes — The Lnee-jerL returns about one to five weeks later 
than the flexor responses It consists at first merely of a tightening of the 
slack quadriceps muscle, but later actual extension of the knee may occur 
As pointed out (p 589), the knee-jerk is a “ fractionated stretch reflex ” , 
and stretch reflexes are generally feeble m the spinal animal It is therefore 
found that though the quadriceps may contract fairly briskly it relaxes 
immediately, and the limb drops quite limply and not gradually as in the 
normal person (cf p 610) The ankle-jerk may return later still If ankle- 
clonus is present it consists of no more than a few irregular and unequal jerks 

(5) Observations on Cases with Increased Extensor Activity — The 
ultimate clinical picture in patients studied during the Second World War 
differed in certain interesting respects from those described above , these 
differences are probably due to the better general health of the patients, 
which permitted a maximal degree of functional recovery of the isolated 
spinal cord Generally about six months after the occurrence of the trans- 
section marked activity appeared in the extensor arcs, resulting m heightened 
extensor reflexes and the appearance of extensor spasms The detailed 
findings are summarized below 

(1) The ankle-jerk and knee-jerk became exaggerated , quadriceps clonus 
and ankle clonus were sometimes noted 

(u) If the hmb muscles were passively stretched abruptly, e g if the flexed 
tlngh was suddenly extended, a reflex extension of the same or both limbs 
occurred The contraction often involved both extensor and flexor muscles, 
converting the hmb mto a “ sohd pillar ” Relaxation subsequently developed 
slowly A few patients in whom this response was well marked could stand 
for a long time in a bath of warm water without support 

(m) The mass reflex as described in (2) above was not obtained Either 
mass flexion or mass extension of the limbs occurred, which was not accom- 
panied by sweating or emptying of the bladder 

(iv) Stimulation of the glans perns produced the genital response described 
m (3) above, but it was not accompanied by se min al emission or hmb 
movements 

The spinal trans-section syndrome of the First World War thus seems to 
represent the functional activity of an incompletely recovered spmal cord 

3 Autonomic Reflexes — (1) Reflex evacuation of the bladder is 
gradually estabhshed (cf p 772) , reflex defcecation also occurs 

(2) The skin, which hitherto has been dry and scaly, now shows sweating 
ngain , it becomes more healthy, and ulcers heal up rapidly Because of 
tlie unproved vascular tone and the return of reflex activity to the skeletal 
muscles, the circulation through the limbs is greatly imnroved, and thev 
become warm and of good colour 

X Stage of Failure of Reflex Activity —If general infection or toxamna 
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occurs, failure of reflex function develops The reflexes become increasingly 
difficult to elicit , the receptive fields become narrowed down to the optimum 
areas from which the reflexes can be obtamed The mass reflex disappears 
The threshold for all reflexes is raised, and fewer groups of muscles are involved 
m the motor responses The muscles waste and become flaccid, and bed-sores 
develop, which still further lower the general state of the patient Cystitis 
commonly develops, and with each recurring attack the bladder diminishes m 
size and evacuates itself more irregularly and less completely , finally the 
sphincter vesicoa becomes relaxed and the urine dribbles away 

Incomplete Trans-section of the Spinal Cord —If the spinal cord is 
gravely injured, but does not suffer complete division, a state of spinal shock 
develops identical with that already described When the stage of reflex 
activity returns, certain striking differences present themselves To under- 
stand these, it must be remembered that m cases of incomplete trans-section 
some of the descending fibres, m the ventrolateral columns of the cord 
(especially the vestibulospinal and reticulospinal tracts) may have escaped 
injury and so some connections persist between the brain stem and spinal cord 
As we saw in our studies of decerebrate rigidity (in which the pons and 
medulla are left in control of the musculature), these levels of the bram stem 
mainly reinforce the activity of the extensor neurones We, therefore, find m 
these cases that recovery of functional activity is most marked m the extensor 
groups of muscles 1 Though a hard-and-fast distinction will be drawn here 
between complete and mcomplete trans-section of the spinal cord, it can be 
readily understood that many intermediate and transitional cases occur 

(1) Reflex Tone returns to the extensor muscles, and so the legs he 
extended at hip and knee, with the toes pointing shghtly downwards The 
condition is therefore called paraplegia in extension 

(2) Involuntary Movements are relatively infrequent, but when they 
occur involve an increase of extensor tone, producing downward movements 
of the feet and toes 

(3) Reflex Movements — ( 1 ) Extensor Thrust Reflex (cf p 590) — The 
reflex is ehcited as follows the lower hmb is passively flexed and allowed 
to rest on the bed , the patient’s foot is then pressed up with the palm of 
the hand Active contraction of the quadriceps and posterior calf muscles 
(the physiological extensors) occurs, and the hmb straightens out This 
reflex is often absent when the cord is completely divided m man [In spinal 
animals the extensor thrust reflex is obtamed quite regularly, even after 
complete trans-section, as the spinal cord still retains a considerable degree 
of control over the extensor arcs ] 

(u) The flexor reflex can be obtained by nocuous stimulation of the sole 
of the foot The flexion movement, however, is small, and the receptive 
field only extends to the knee It is usually accompanied by active and 
forcible extension of the opposite hmb (crossed extensor reflex) 

(in) Gentle flexion of one hmb produces extension of the opposite hmb 
(Phillipson’s reflex) The flexed hmb then becomes extended and the 
opposite one flexed , the responses alternate in each hmb, producing a steppage 
movement 

We see how the range of reflex response is greater now that more or the 

1 As pointed out on p 693 in some cases of complete spinal trans section in man, 
considerable extensor aotmty occurs 
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nervous system, is available It is cl e nr also th&t movements of locomotion 
can be earned out to some extent (reflexly) by the lower levels of the central 
nervous system 

(iv) Tbe extensor deep reflexes are slightly easier to elicit than normally 
But the most striking feature of the knee-jerk is the prolonged period of 
relaxation which, as always, accompames the heightened tome activity in 
the quadriceps muscle (cf Fig 417 , p 643) 

Gradually mcreasmg trans-section of the spmal cord may result from 
compression A co mm on sequence of events when pressure on the cord is 
produced by tumour is (l) hemisection of the cord, (n) incomplete trans-section, 
(m) complete trans-section, occurring in that order We shall consider the 
outstanding features of these conditions briefly vva**- 8 

Hemisection of the Spmal Cord I' Brown - Sequard ' Syndrome) —The 
description of the syndrome is based entirely on the results of clinical 
observation, and it is customary to assume tacitly that the lesion is of gradual 
development and not of acute onset The principal phenomena may be 
classified in the following way 

1 Above the Level of the Lesion — There are no abnormal signs, 
except possibly a zone of cutaneous hypersesthesia in the skin area (on the 
same side) corresponding to the peripheral distribution of the dorsal nerve 
root which enters the cord just above the level of the lesion 

2 At the Level op the Lesion — It is frequently not appreciated that 
the lesion ( clinically ) usually involves several segments of the cord which have 
been compressed or damaged All nervous elements lying in these segments, 
or entering or leaving them, may be affected 

(l) Destruction of the ventral horn cells results in a lower motor neurone 
type of paralysis m the corresponding groups of muscles 1 The features of 
tins type of paralysis must be carefully remembered, as the ventral horn cells 
may be damaged by many noxious agents, e g the virus of infantile paralysis, 
the unknown agent which causes these cells to fall out one by one m pro- 
gressive muscular atrophy, compression of the cells by the distended cavities of 
syringomyelia, haemorrhage within the substance of the cord (hsematomyelia), 
or pressure of tumours from outside the cord Division of the ventral nerve 
root or of the motor fibres in the peripheral nerves produces similar results 

(1) There is complete loss of all movement m the affected muscles 

(n) The local reflexes are abolished, including reflex tone, and so the 
muscles are absolutely flaccid 

(m) The structural changes m the muscle fibres and end plates, the 
electrical changes and the occurrence of fibrillation axe discussed on p 505 

(2) Involvement of the sympathetic connector nerve cells may cause 
vasomotor paralysis m the corresponding segments of the skm 

(3) There is complete anaesthesia for all forms of sensation because the 
dorsal nerve roots are destroyed as they enter the cord The loss of protective 
pain sensibility exposes the part to injuries which are unattended to, and so 
whitlows or ulcers may develop 

3 Below the Level of the Lesion —(1) Sensory —To understand the 
distribution of the sensory loss it muBt be remembered that the fibres trans- 
mitting impulses for “ conscious muscle sense ” and some touch fibres ascend 

by h^rpFegia ^ SIgnS ° f th ® cllMoal n PP er motor neurone lesion aa exemplified 
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the dorsal columns of the same side, while the fibres for pam, temperature, 
and some of those for touch ascend the ventrolateral columns (spinothalamic 
tract) of the opposite side Touch sensibility is therefore not lost on either 
side, but is blunted on both sides Muscle sense is lost up to the level of the 
lesion on the same side The upper limit of the pam and temperature loss 
on the opposite side does not correspond to the level of the lesion, because as 
we saw (p 559), these fibres cross obliquely m the spinal cord The level of 
the lesion will therefore be several segments higher in the cord than would 
appear from the upper level of pam loss 

(2) Motor — The motor phenomena are all on the side of the lesion, and 
we would expect them to be identical with those found in cases of complete 
trans-section of the cord That is not the case, however The explanation is 
probably this the Brown-Sequard syndrome is a clinical syndrome, and it 
is very likely that m these cases all connections with the brain stem on 
the affected side have not been severed, and some vestibulospinal and reticulo- 
spinal fibres are still unscathed The clinical picture is therefore hke that 
seen in cases of incomplete trans-section of the cord muscular paralysis, 
extension of the limb at knee and ankle, spasticity, exaggerated and tome 
deep reflexes (knee- and ankle-] erk), ankle clonus, lost superficial reflexes, 
Babmski’s sign present 

If the compression affects both sides more uniformly, we get paraplegia 
m extension, as already described (p 694) The sensory loss first affects 
dorsal column sensibility (sense of position and passive movement) , later 
temperatuie, pam, and touch are impaired in that order 

When the trans-section becomes complete, paraplegia in flexion develops 
(p 691) as all the descending tracts are now cut If infection supervenes, 
all reflex activity m the isolated cord segments is lost, and complete flaccidity 
\s found (cf p 693) 


The Brain Stem 

The brain stem includes the medulla oblongata (spinal bulb), pons, and 
midbram, and contains many important structures closely packed together 
In our studies of the ascending and descending paths we have already noted 
many tracts traversing or relaying in the bram stem We shall here correlate 
these facts and endeavour to obtain a coherent idea of the anatomy and 
physiology of these very important regions of the bram The study of the 
subject will be greatly facilitated by reference to the diagrams (Figs 438-444) 

A section through the lower 1 third of the medulla shows the decussation of 
the pyramidal tracts (Fig 438) They pass from the ventral aspect of the 
medulla through the base of the ventral horn of grey matter, and come to 
he in the lateral columns where they descend into the spinal cord The tip 
of the ventral horn is thus cut off, and is seen as an isolated mass of grey 
matter (lateral nucleus) which soon disappears The dorsal columns are 
wider, and therefore push the dorsal horns of grey matter farther apart 
The tip oi the dorsal horn projects on the surface of the medulla as the 
tubercle of Rolando In its vicinity is the descending root and nucleus of 
the fifth nerve which we shall see m most of the sections because it extends 

l In the description of the sections through the bram stem the term “ lower ” (below) 
is used m the sense of caudal “ upper ’ (above) is equivalent to cephalad or cranial 
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from the pons to the upper cervical region The central canal of the spinal 
cord is still situated centrally, but is now beginning to pass nearer the dorsal 
surface On the surface in the ventrolateral region, on each side, are the 
rubrospinal tract, the dorsal and ventral spinocerebellar tracts (Fig 383, A), 
and the spinothalamic tract (Fig 355) 

A section at the level of the olivary body reveals these points (Fig 439) 
The central canal is now approaching the dorsal surface of the medulla 
and is about to open out at the calamus scriptonus into the fourth ventricle 
The dorsal columns have been replaced by masses of grey matter — the 
funiculus gracilis ends m the nucleus gracilis, and the funiculus cuneatus in 
the nucleus cuneatus 
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— Tie nucleus of the hypoglossal nerve extends, through the lower 
two-thirds of the medulla It first lies ventrolateral to the central canal, 
and when the fourth ventricle appears, it lies in its floor, close to the middle 
Ime The hypoglossal nerve fibres pass out ventrally between the obve and 
pyramid 


Qc.c 


Olivo- 

Cereb 


If the hypoglossal nerve is stimulated, the tip of the tongue is pushed over 
to the opposite side Conversely, if the twelfth nerve is paralysed, the tongue 
when projected deviates to the same side (by the unopposed action of the 
other nerve) The affected side of the tongue shows the ordinary signs of 

^ QYac a ^ 0Trer rn °f° r neurone 

^ paralysis— -great wasting 

// of the muscle fibres and 

M v-M j If 1 consequent wrinkling of 

f H.Cun \ ^ yl the mucous membrane, 

( V and fibrillation (cf p 505) 

| yi'-V'y XX Olivo- XI — The nucleus of 

y I W* n Cereb ongm of the spinal part 

77HW \s \ m, OC.C v of this nerve consists of 

V^< \ / cells lymg in the lateral 

D Sp C \ / P arfc of tlie ventral horn 

’ L) ,\ \. / of grey matter in Cl -5 

K. ’ ( n.V/ The fibres pass dorsally 

vsp C V\ f a tten be “i oat T d ? 

v X — mi 1 1 to emerge at the side of 

y A Med Lem the cor d and medulla as 

f\ P-// \ lateral roots These con- 

Sp Thai \ tam large medullated 

\] ""N y efferent (and some 
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Fig 139 — Section through Medulla at Level of Olivary 
Nucleus (Diagrammatic) 

Int Arc f ^Internal arcuate fibres , Med Lem ^medial lemniscus , 
Olivo Cereb = Olivocerebellar fibres , }T — half touch fibres, 
XI, XII =Nuc!ci of eleventh and twelfth nerves , N Grac , 
N Cun —Nucleus gracilis and cunentus, Pyr — Pjramid , C C = 
Central canal , V ^Descending root and nucleus of fifth nerve, 
D Sp C , V Sp C =Dorsal and ventral spinocerebellar tracts , 
Sp Thai = Spinothalamic tract 


nucleus (shown in Fig 
439) is best regarded as 
part of the vagus nucleus ) 
X — The afferent 
fibres of the vagus arise 
m the jugular and nodose 
ganglia from unipolar 


cells and convey impulses from somatic and visceral structures (p 712) 
Some fibres ascend to end m the dorsal nucleus, which lies m the floor of 
the fodrth ventricle lateral to the hypoglossal nucleus , other fibres descend 
to form the tractus solitarms and end m adjacent nerve cells (the nucleus of 
the tractus) These two nuclei give rise to the autonomic (involuntary) 
fibres of the vagus and also connect up with the nucleus ambiguus 

The nucleus ambiguus is the somatic (“ voluntary ”) motor nucleus of 
the vagus, and bes ventrolateral to the dorsal nucleus The fibres run first 
dorsally and then curve round to emerge dorsal to the olive and supply such 
structures as the mucles of the larynx (see Fig 440) 

IX —The ninth [glossopharyngeal] nerve is arranged m exactly the same 
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way as the tenth The afferent fibres have their cell bodies m the petrosal 
ganglion They end m nuclei which form the upward continuation of the 
dorsal nucleus of the tenth (ascendmg fibres) and of the tractus solitanus 
(descending fibres) The motor nucleus which supplies the pharynx is m line 
with the nucleus ambiguus The autonomic fibres arise m the dorsal nucleus 
(cf p 712) 

yjl —Though the seventh [facial] nucleus is situated m the lower pons, 
it must be considered here because the arrangement is like that already 
described The afferent fibres have their cell bodies in the geniculate ganglion 
and pass m the nervus mtermedius to end m nuclei m line with the dorsal 
nucleus of the ninth and tenth and the fasciculus solitanus The autonomic 
fibres arise m the dorsal nucleus (cf p 714) The motor nucleus is m line 
with the nucleus ambiguus The fibres run dorsally and form a loop round 
the sixth nerve nucleus and then 

turn ventrally and laterally 1 D roil 

In lesions of the pyramidal ^ c c ^ - - 

tract (supranuclear lesion) 
voluntary movements m the face 
are lost, but emotional move- 
ments (frowning, smiling) are 
retamed because of the separate 
motor pathway for emotional 
exteriorization (p 642) If the 
seventh nerve is injured in any 
part of its course ( mfranuclear 
lesion) all types of movements 
of the face are equally affected 

We may summarize these 
facts thus 

(i) The motor somatic nucleus 
of XII is a column of cells lying dsx 
near the middle hne 


nxd 


AFFt® 


Aufcon 



Fig 440 - 


-Diagram of Mode of Origin of Tenth 
and Twelfth Nerves 

= Dorsal nucleus X , F S = Fasciculus solitanus 
Con Cell — Connector cell which gives rise to 
, . „ autonomic fibres in vagus, N Arab --Nucleus am- 

(ll) 1 he afferent fibres of VII , blguus which gives rise to somatic fibres of vagus 

IX , and X divide into 

(a) Ascending fibres which end m a column of cells lying lateral to the 
nucleus of XII —column of dorsal nuclei of VII , IX , and X 

(b) Descending fibres which end m grey matter lying just lateral to the 
column of dorsal nucl ei —fasciculus ( tractus ) tractus solitanus and its nucleus 

(m) The autonomic efferent fibres of VII , IX , and X arise in the column 
of dorsal nuclei 

(iv) The somatic efferent fibres of VII , IX , X , and XI arise from a 
column of cells which extend from the lower border of the pons to 05, and 
arc situated lateral and ventral to the column of dorsal nuclei 

A section at the junction of pons and medulla shows the restrform body 
and the entrance of the eighth nerve (Fig 441) 

central connections of the eighth nerve are fully given on pp 572 and 
' K ‘ % 44f the cochlear division is seen to pass dorsal to the restiform 

and t\V 8 the fibres supplying the orbicularis ons arise in the twelfth nucleus, 

by {{j e fa° e( )q or ‘ )lou f ans palpebrarum m the third nucleus, and are merely conveyed 
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body and the vestibular division ventral The /ventral cochlear nucleus lies 
between the two divisions of the nerve, and the dorsal nucleus on the dorso- 
lateral aspect of the restiform body From the latter the stare acoustical cross 
in the floor of the fourth ventricle, and from the former the trapezoid body 
traverses the substance of the pons The two groups of fibres turn up as the 
lateral lemniscus which is lateral to the medial lemniscus The vestibular 


division ends m the vestibular nuclei which form an important reflex centre, co- 
ordinating the position of the eyes and limbs with that of the head and helping 
to maintain tone m the extensor or antigravity muscles , when these nuclei 

are destroyed decerebrate 

Striae Acousfc 


Dors Nuc 


Med L 
Bund 


Vent N 


Cochlear 


3ZHI 



disappears 


Fig 4-11 — Section through the Lower Pons 
(Diagrammatic) 

StriT) Acoust = Strito acoustic® , Dors Nuc , Vent N = Dorsal and from 


rigidity 
(p 585) 

Other features are 

(1) The pyramidal 
tracts beginning to break 
up into bundles 

(2) The jnediaj 
lemniscus, "which - is" now 
joined by the spino- 
thalamic tract conveying 
the fibres for pain, 
temperature, and touch 
(Fig 355) 

(3) The restiform body 
(Fig 383, A, p 606) 

The Pons — The 
appearance of the pons is 
modified by the presence 
of numerous transversely 
crossing bundles of the 
brachium pontis [middle 
peduncle of the cere- 
bellum] which are running 
the pons to the 


ventral cochlear nucleus , Cochlear = Cochlear division of VlII , nnnnaihp pprphollnr liprmu- 
Vest = Vestibular division, D =Deiters [lateral vestibular] °PP oalLe cereoeuar nemis 
nucleus, M L = Medial lemniscus L L = Lateral lemniscus , pnere and Vice versa 
Trap => Trapezoid body, Med L Bund ~lledial longitudinal ms lvrpolr nr> flip 

bundle, Nuc Pont =Nuclci pontis, Pyr = Pyramidal tract J - nese DreaiC up me 
VJI ■= Dorsal nucleus of VII, Best body = Bestiform bod} , pyramidal tract into 
V = Descending root and nucleus of Vth Scattered groups of fibres, 

between which he small masses of grey matter, the nuclei pontis The 
medial lemniscus is now joined by central fibres from the sensory cranial 
nuclei e g X, IX, VII, V (Fig 355) 

At the upper border of the pons, the fourth ventricle narrows gradually 
into the aqueductus cerebri [Sylvu] Above it on each side appear two masses 
of longitudinally r unnin g fibres, the brachia conjunctiva [superior cerebellar 
peduncles] These arise mainly from the dentate nucleus of the cerebellum, 
and as they pass forward approach the middle line and decussate to reach 
the opposite side to end in the red nucleus and thalamus (Fig 384) The 
ventral spinocerebellar tract turns over the lateral aspect of this peduncle 
to enter the vermis of the cerebellum (Fig 442) 
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restored to its original position after it has been displaced from it In animals, 
decerebrate rigidity results from a midcollicular trans-section of the brain 
stem (p 583) 

The descending pathway from the hypothalamus concerned with emotional 
exteriorization lies in the tegmentum medial to the red nucleus (p 666) The 
lateral lemniscus passes dorsally to end in the inferior colliculi 

The inferior colliculi (Fig 443) were dealt with in discussing the auditory 
path (p 572) The superior colliculi require further consideration They 
are an important centre for visual reflexes By means of the tectospinal 
tract they reflexly alter the position of the eyes, head, trunk, and limbs m 


Inf Coll 



Fxo 443 — Sectic *' 11 T " Level 

of Inferior 1 / 

InfCoIl = Inferior Colliculi, Lat L — Lateral lemniscus, 
M L =Mcdlal It ■ ’ 

cerebri [Sybil], 
bundle , Br C = 

Nuclei of third 

Substantia nigr: , , “ 

frontopontine fibres , Pyr =Pryamidal tract 


response to retinal impulses 
Colkculonuclear fibres pass to the 
third nerve nucleus to cause 
constriction of the pupil during 
the light reflex (p 578) The 
tectospinal tract connects the 
superior colliculi with the pupil- 
dilator centre in the thoracic 
cord (Thl and 2) (p 708) 

Reticular Formation — This 
is found dorsal to the pyramidal 
tracts m the pons and medulla 
and m the tegmentum of the 
midbram It consists of small 
islands of grey matter interspersed 
with fine bundles of nerve fibres 
lying in the spaces between the 
large fibre tracts and nuclei The 
functions of the reticular forma- 
tion have been elucidated to a 
considerable extent The 
respiratory centres be m the 
reticular formation m the upper 
pons (pneumotaxic centre) and 
m the upper half of the medulla 
( inspiratory and expiratory 
centres) (p 384) Reticulospinal 
fibres connect the bram stem 


with the spinal motor neurones , these paths are both facilitatory 
and inhibitory and serve to transmit impulses from the cerebral 
cortex, basal ganglia, and hypothalamus to the spinal cord (p 623, 


p 629) 

We can now complete our study of the cranial nuclei 

V [Trigeminal nerve ] — The efferent fibres arise from the 
motor nucleus lying at the side of the grey matter bounding the 
aqueductus cerebri and fourth ventricle m the lower midbram and upper 
pons (Fig 442) 

The afferent fibres are derived from the semilunar [Gasserian] ganglion 
and end m a mass of grey matter lying lateral to the motor nucleus — the 
principal sensory nucleus Long descending fibres are given off which end 
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on both sides (cf p 637 ) A lesion of the column results, not in paralysis of an 
individual muscle, but m loss of a movement m both eyes Enumerating from 
before backwards (cramo-caudally), the movements of the eyeballs are con- 
trolled by the column thus (1) pupil-reaction , (2) accommodation (ciliary 
muscle) , (3) upward movements , (4) downward movements , (5) lateral 
movements of both eyes (cf Eig 415) 

Local Lesions of the Brain Stem — Owing to the small size of the brain 
stem, the symptoms are frequently bilateral from a central lesion involving 
both sides The points to bear in mind are the origins of the cranial nuclei, 
the long tracts both motor and sensory, and the cerebellar connections 
The long paths to and from the trunk and limbs decussate in the medulla , 
those connected with the face cross in the upper pons Crossed paralysis and 
crossed anccslhesia are very liable to occur In the upper pons a lesion may 
injure the sensory fibres of the fifth, producing anaesthesia of the same side 
of the face, and also involve the medial lemniscus with consequent anaesthesia 
over the opposite half of the body Similarly, a lesion may destroy the fibres 
of the facial nerve, giving a lower motor neurone paralysis of the face, and 
also involve the adjacent pyramidal tract, producing an upper motor neurone 
paralysis of the opposite side of the body Involvement of the cerebellar 
connections produces a varying degree of ataxy and other characteristic signs 

To summarize the symptoms will be a varying combination of paralysis 
(of both spastic and flaccid type), anaesthesia, and ataxy The dilator fibres 
from the midbram to the thoracic cord (p 708) must also be borne m mind 
Injury to the brain stem may result m small pupils from cutting off the 
tome dilator impulses 

The anatomy and physiology of the hypothalamus are discussed on p 716 
where full page references are given 


VI 

THE AUTONOMIC NERVOUS SYSTEM 

GENERAL ARRANGEMENT AND FUNCTIONS 1 

General Arrangement — The study of the autonomic nervous system 
is considerably simplified if attention is first devoted to the broad principles 
on which the system is constructed In a somatic spinal reflex arc three 
neurones may be involved (see Fig 445) (l) The afferent or receptor neurone 

(A) with its cell body in the dorsal root ganglion (u) An mternuncial cell 
m the dorsal horn of grey matter which by means of its axon transmits the 
impulse to the ventral horn , it might be called the connector neurone (B) 
(m) The ventral horn cell and its axon — the excilor neurone (C) which trans- 
mits the efferent impulses to skeletal muscle (cf Fig 325) 

In the nerve supply of the viscera three neurones can also be recognized 
(Fig 445) 

(l) There is an afferent neurone proceeding from an internal organ Tim 
nutrient cell hes m the dorsal root ganglion (or its cranial equivalent), and 
a central process is sent into the grey matter 

i Gaskell, Involuntary Nervous System, London, 1916 Langley, Autonomic Nervous 
System, Cambridge, 1921 Kuntz, Autonomic Nervous System 3rd edn , 1946 White 
and Smithwick, Autonomic Nervous System 1942 Darrow, Physiol Rev, 1943 23, 1 
Gellhom Autonomic Nervous Regulation, N Y , 1943 
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/„) The connector cell (Gaskell) is situated not m the dorsal horn but 
m the adjacent grey matter, the exact position differing m the various regions 
of the nervous system In the thoracic region, for example, the connector 
cells he in the lateral [lntermedio-lateral] liorn of grey matter The connector 
fibre must, of course, connect the afferent neurone with the excitor neurone 
winch actually supplies a viscus But the excitor cells are not found within 
the central nervous system , they have migrated outwards to form masses 
of cells situated peripherally The connector fibres must, therefore, also 
wander away from the central nervous system to reach these vagrant groups 
of excitor cells The connector fibres histologically are medullated or white 
fibres , functionally they are B fibres (p 492) , they are called by Langley 
preganglionic fibres, as they pass to a peripheral gangbon 

(m) The excitor cells, as already explained, lie peripherally either as 
ganglia or as isolated groups of cells From these cells fibres arise which, 



Fio 44 'j — General Arrangement of Autonomic Nervous System (on Right) contrasted 
with that of Somatic Nervous System (on Left) (After Ranson ) 

A,n, C« AfTi.rcnt connector anti excitor neurones of somatic nervous sjstem , Vent R = Ventral nerve 
root , M Sp A >=- Hived spinal nerve Dotted line = Afferent visceral fibre with nutrient cell in dorsal 
root ganglion, I at Horn ■= Lateral born of grev matter which gives rise to C F = Connector (pre 
ganglionic) fibre which passes in ventral root, mixed spinal nerve, and ventral ramus (Vent Ram ) to 
end In Auton Gang =*Autonomic ganglion, E F =Evcitor (postganglionic) fibre ending in viscus. 
Dorsal Root Gang — Dorsal root gangbon 


by devious routes, reach the various organs which they m nervate The excitor 
fibres arc grey or non -medullated, they are also called postganglionic fibres (as 
they pass from a gaughou to a viscus), functionally they are C fibres (p 492) 
Bv convention, the term autonomic nervous system is used to include 
onh/ the efferent new ones supplying the viscera, i e the connector and excitor 
neurones, using these terms in the sense just defined The visceral afferent 
neurones are considered on pp 492 et seq 

Connector cells are not present uniformly m all the segments of the 
non ous system, hut m certain regions only, namely (Fig 446) 

ft) Tl i T ^i e hrain ’ m connection with the nuclei of certain cranial nerves 
ic III , VII , IX , and X 

(2) In the whole of the thoracic region, and m the first two lumbar 
segments of the spinal cord 

(3) In the second and third sacral segments of the spmal cord 
Connector fibres tliereforeleave the central nervous system from these regions 

*■ 3 
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On Left Cranial and sacral autonomic (parasympathetic) system Thick lines from 
III , VII , IX , X , and S2, 3 are preganglionic (connector) fibres A, ciliary ganglion , 
B, sphenopalatino ganglion , C, submn\UIary and sublingual ganglia , D, otic gang 
lion , E, vagus excitor cells in nodes of heart , F, vagus excitor cells in n all of bowel , 
G, sacral autonomic ganglion cells in pelvis, thin lines beyond = postganglionic 
(excitor) fibres to organs 

On right Sympathetic nervous system Dotted lines from Tl-12, LI, 2 are preganglionic 
fibres , H, superior cervical ganglion , J, Inferior cervical and 1st thoracic ganglia 
(stellate ganglion) , K, coellac and other abdominal ganglia (note preganglionic fibres 
directly supplying the adrenal medulla) , L, lower abdominal and pelvic sympathetic 
ganglia , continuous lines beyond=postgangllonle fibres 
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only and constitute three great systems of outflowing fibres, which are termed 
the' cranial (or bulbar), the thoracieo-lumbar, and sacral outflow respectively 
The autonomic nervous system may be usefully subdivided on the basis 
of the anatomical situation of the connector cells and fibres Thus the 
connector cells m the brain, their axons m the cranial nerves specified, and 
their related excitor neurones constitute the cranial division ot the system 
or the cranial autonomic The connector cells m the thoracico-lumbar region, 
their axons m the corresponding ventral roots and in their subsequent 
ramifications and their excitor neurones constitute the sympathetic nervous 
system The sacral connector cells, their axons m the sacral ventral roots, 
and all their related excitor neurones constitute the sacral autonomic (Pig 446) 
We can therefore make this classification 
Autonomic Nervous System — 

A Cranial Autonomic 


B Sympathetic 
C Sacral Autonomic 

Another classification can be made from a functional standpoint The 
cranial and sacral divisions have complementary physiological actions and 
form the parasympathetic system When stimulated, the sympathetic and 
parasympathetic nerves produce antagonistic effects on the organs which 
they both supply- (e g heart, pupil) Under natural conditions, however, the 
tv o systems act synergishcally, i e they cooperate to achieve the desired 
end , thus in the case of the heart an increase in rate is due (mainly) to 


decreased vagus tone and (also) to increased sympathetic tone 

Some organs are, however, innervated by one division only (eg uterus, 
adrenal medulla, and most arterioles from the sympathetic only , glands 
of Btomach and pancreas from the parasympathetic only) The excitor cells 
of the sympathetic are situated, as a rule, at a distance from the organ 
innervated , those of the parasympathetic are usually m close proximity 
to the organs (the sphenopalatine and the otic ganglion (p 714) are, however, 
obvious exceptions to the latter statement) 

Sympathetic Nervous System — In descnbmg the anatomical details of 
the autonomic nervous system it is necessary to note the situation of the 
connector cells, the path taken by the connector fibres, the position of 
the excitor cells, and the path of their fibres 

The connector cells of the sympathetic he m the lateral horn of grey 
matter m the thoracic region and m the corresponding grey matter in the first 
and second lumbar segments , the connector fibres pass out m the ventral 
root corresponding to the segment from which they arise and then enter the 
mixed spinal nerve The latter divides into a small dorsal and a large ventral 
ramus , the connector fibre is continued m the ventral ramus, but soon 
lcaaos it to form a branch which passes to the lateral sympathetic chain 
J Ins branch is the white ramus commumcans which passes to the gangha of 
the s) mpathetic , the ulnte ramus is merely a portion of the connector fibre 
i he connector fibre may end m a ganghon of the lateral sympathetic cham, 
or pass on to more distantly situated gangha like those m the neck or 
aertomen ihe excitor (or postganglionic) fibres which arise from these ganglia 
take a anous routes to the periphery 

hori nfTM _The con ^ ctor ceUs aie situated m the lateral 

n of Thl and ~ The connector fibres pass out m the way just described 
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to the lateral sympathetic chain, and proceed through the inferior cervical 
ganglion and the cervical sympathetic trunk, to end m the superior cervical 
ganglion, where the excitor cells are situated (Fig 446, H) The path of 
the connector fibres is common to all the structures m the head and neck, 
but the subsequent course of the fibres varies with the organ supphed 

(1) Eye —The excitor (grey) fibres to the eye proceed along the coat of 
the internal carotid artery into the skull and enter the cavernous plexus (in 
the cavernous sinus) Their further course is not known with certamty, but 
two alternative (or complementary) routes are described (i) in the sym- 
pathetic root of the ciliary ganglion, through the ganglion itself (without, of 
course, relaying m it), and along the short cihary nerves , (n) on to the 
semilunar (Gasserian) ganghon, the ophthalmic division of the fifth cranial 
nerve, its nasocihary branch, and finally in the long cihary nerves to the eye 

The structures in the eye supplied by the sympathetic are ( 1 ) dilator 
pupillcB muscle , (n) smooth muscle fibres m the upper and lower lids called 
respectively the superior and inferior tarsal muscles which retract the upper 
and lower lids , (m) smooth muscle fibres of the retro-ocular muscle of Muller 
which lies in the orbital fascia and which pushes the globe forward , in man 
Muller’s muscle is vestigial and functionless , (iv) blood vessels 

Effects on Eye of Stimulation of Cervical Sympathetic 1 — In all species the 
pupil is dilated and the hds are retracted producing widening of the palpebral 
fissure and a “ staring ” gaze In man the major effect is on the uppei hd, 
but the lower hd also participates The effect on the position of the globe 
is more variable In anaesthetized dogs, for example, sympathetic stimulation 
causes the globe to move forwards by 5 mm ( exophthalmos , proptosis) , but 
this merely represents a restitution of the enophthalmos (sinking in of the 
globe) produced by the anaisthetic In anaesthetized man stimulation of the 
cervical sympathetic at operations produces no measurable exophthalmos 
It must be remembered that widemng of the palpebral fissure gives an 
illusion of exophthalmos , likewise narrowing of the fissure gives an appear- 
ance of enophthalmos (cf p 992) The blood vessels are constricted 

Effects on Eye of Section of Cervical Sympathetic ( Horner’s Syndrome) — 
The pupil constricts owing to the unopposed action of the fibres of the 
sphincter pupillae which are supphed by the third nerve , the palpebral 
fissure is narrowed mainly owing to drooping ( ptosis ) of the upper hd 
(“ sleepy lid ”), but there is also some elevation of the lower hd There is 
an illusion of enophthalmos m man, but mstrumentally no change m the 
position of the globe can be detected The ptosed hd lifts as well as normally 
during staring showing that its smooth muscle fibres are not used m voluntary 
movements of the upper hd The blood vessels are dilated 

There is a centre, situated m the superior colliculi, for the control of the 
sympathetic fibres to the eye Stimulation of the appropriate region leads 
to dilatation of the pupil The path connecting this midbram centre with 
the connector cells in the thoracic cord is the tectospinal tract (p 702) 
Disturbance of the sympathetic innervation of the eye may thus result from 
a lesion m the brain stem, the cervical or upper thoracic cord, the upper 
chest, the neck, the interior of the skull or the orbit 

(2) Skin Structures — For the cutaneous structures of the head and 
neck , excitor fibres pass from the superior cervical ganghon to the four upper 

1 Pochin, Clin Sci , 1939, 4, 79 
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cervical nerves, and proceed along their cutaneous branches to reach the slan 
The skm of th a face is supplied by excitor fibres which run in the adventitia of 
the external carotid artery and its branches The various gla n d s of this 
region also get their sympathetic supply via the blood vessels This applies to 
the buccal , parotid, sublingual, submaxillary, and lachrymal glands, which thus 
receive vasoconstrictor fibres (and in some species secretory fibres too) 

The skin structures (all over the body) supplied by the sympathetic are 
( 1 ) Sucal glands, with secretory fibres 1 (p 467) (n) Smooth muscle arrectores 

pill, i c muscle fibres which erect the hairs and produce m man the appearance 
known as goose-skin , the smooth muscle round the orifices of the body, such aB 
the anus and vagina , the retractor penis muscle Motor impulses are sent to all 
of them (m) Blood vessels the cutaneous arterioles, veins, and the capillaries 
receive many vasoconstrictor fibres from the sympathetic (p 303) , some dilator 
fibres to the skm vessels have also been demonstrated in the sympathetic nerves 

(3) The thyroid receives postganghomc fibres from the middle cervical 
ganglion, they may control to a minor extent thyroid secretory activity (p 982) 

(4) The cerebral vrssnLS receive constrictor fibres from the sympathetic 
along the coats of the internal carotid and vertebral arteries (p 306) 

2 Thoracic Viscera — The connector cells he in the third and fourth 
thoracic segments of the cord The connector fibres m animals pass to the 
stellate ganglion 2 , m man they end m all three gangha of the cervical 
sympathetic The excitor fibres pass from these m the cardiac branches of 
the sympathetic to reach the heart They increase the force of contraction, 
the rate, conductivity, and excitabilityj[p~270) The bronchi are dilated by 
Inhibition of the”smooth muscle m their walls through fibres having a similar 
course The 'pulmonary arteries are constricted (p 307), and the coronary 
arteries dilated by the sympathetic (p 237) 

3 Fore Limb — The connector cells he chiefly m Th5-9 (and sometimes 
also in Th2-4) (p 359) The connector fibres pass to the lateral sympathetic 
chain to end m the first and second thoracic and inferior and middle cervical 
ganglia in man (Fig 446, J) The excitor fibres arise here and join the nerves 
of the brachial plexus (Co— Thl ) constituting their sympathetic roots The 
excitor fibres reach the limb via these spinal nerves and are distributed to 
the shn structures already named, to the large arteries (p 308), to sleletal 
muscle icsscls, but probably not to the skeletal muscle fibres themselves 
(p 308) 

4 Hind Limb —The connector cells he m ThlO-12, LI, 2, chiefly m the 
lumbar segments The connector fibres end in the lumbar and sacral gangha 
of the sympathetic chain The excitor fibres arise here and join the lumbo- 
saerd plexus, and are thus distributed to the lower limb, innervating the same 
structures ns m the arm 


o Thoracic and Abdominal Parietes — The arrangement in this case 
is quite simple The connector fibres pass to the ganglia of the lateral sym- 
pathetic chain they end chiefly m the corresponding gangha, but also 
spread up and down the chain to end in adjacent ganglia Thus one connector 

d z es 
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fibre may stimulate excitor cells m several ganglia From each lateral sym- 
pathetic ganglion the excitor fibres pass back m the grey ramus communicans 
to the corresponding spinal nerve, and thuB to the skin, so that the distribution 
of the excitor fibres is strictly segmental m character This is well shown by 
Langley’s studies on the pilomotor fibres Stimulation of a ventral root 
(containing the connector fibres) makes the hairs stand up over several 
segments of skin On the other hand, stimulation of the grey rami (excitor 
fibres) affects the hairs of the corresponding spinal segment only 

6 Abdominal Structures — The connector cells for the abdominal 
organs he between Th6 and L2 The connector fibres reach the lateral 
sympathetic chain m the usual way via the white rami They do not relay, 
however, in the ganglia of the lateral sympathetic chain, but continue through 
!>them and leave them as the splanchnic nerves, which are therefore still 
connector or preganglionic fibres The splanchnic nerves can be divided 
/into two distmct groups An upper group — the great splanchnio nerves — con- 
[ nects with the ganglia in the upper abdomen, namely, the coeliac (semilunar), 
^superior mesenteric, renal, spermatic, and ovarian gangba , a lower group, 
consisting of the lesser splanchnic nerves, ends, in animals, m the inferior 
ifiesentenc ganglia (Fig 446, K, L) In man the arrangement is more complex 
The lower connector fibres form the presacral nerve , which passes to the hypo- 
gastric gangba on the lateral walls of the rectum (Fig 505) The upper 
splanchniCB arise from Th6-12, and the lower splanchnics from Ll, 2 chiefly 
From the groups of ganglia mentioned, grey excitor fibres anse which pass 
mamly along the big arteries to supply the coats of the blood vessels them- 
selves and the organs which they reach Thus excitor fibres run with the 
superior mesenteric artery to the small intestine and part of the large intestine , 
with the renal artery to the kidney , and along the branches of the coeliac 
axis to the spleen and liver The pelvic viscera — e g the bladder, the uterus, 
and the distal part of the large intestine — are innervated from the inferior 
mesenteric gangba (animals), or hypogastric ganglia m man 

(1) Stomach and Intestines (Fig 447) — The sympathetic supphes the 
whole of the small and large intestine and the related sphincters, i e the 
ileocolic and the internal anal sphincters The extent of the sympathetic 
distribution to the stomach is not so precisely established It supphes the 
pyloric sphincter (cf p 816), the pyloric region of the stomach, and also the 
cardiac sphincter (p 806) It is possible that the sympathetic inhibits move- 
ment m the body of the stomach There are no sympathetic fibres to the 
oesophagus Electrical stimulation of the splanchnic nerves results m 
inhibition of the peristaltic movements of the wall of the gut and diminution 
of its tone, The sphincter musculature is stimulated and the sphincters 
become tightly closed 

(2) Blood vessels — The sympathetic conveys vasomotor fibres to the 
arterioles constituting the splanchnic area The vast majority of these fibres 
are vasoconstrictor m character (though a few vasodilator fibres have been 
demonstrated) The importance of the vasoconstrictor fibres is very great 
because the splanchnic area forms the most important part of the peripheral 
resistance (p 308) 

(3) Bladder — The detrusor muscle is inhibited, and the sphincter vesicse 
and trigonal region are contracted by the sympathetic, the arrangement being 
analogous to that found m the case of the gut (For full details see p 767 J 
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Sympathetic stimulation in man causes contraction of the muscle coat of 
the epididymis, ejaculatory ducts, seminal vesicles, and prostate, with 
resulting ejaculation of semen (p 767) 

(4) The ureters, uterus, Fallopian tubes, and vas deferens receive both 
motor and inhibitory fibres from the sympathetic None of these structures, 
be it noted, is supplied by the sacral autonomic 

(5) Secretory fibres are supplied to the adrenal medulla to regulate the 
discharge of adrenaline (The nervous control of the adrenal gland is dis- 
cussed on pp 730 et seq ) The cortex of this gland has no nerve supply 

(6) Impulses from the sympathetic stimulate the conversion of the glycogen 
storesof the liver into glucose (p 857), which passes mtothe systemic circulation 

(7) Motor fibres are sent to the spleen, causing it to contract and discharge 
the red corpuscles stored in it (cf p 226), and also to the gall-bladder (p 801) 

(8) Vasoconstrictor fibres supply the renal vessels (p 27) 


Organ 

Site of 
Connector 
Cells 

Site of Exeitor Celia 

Route of Exeitor 
(Post Ganglionic) 
Fibres 

Head and neck 

(1) Eye 

(2) Faoa 

(3) Skin of head 

and neck 

(4) Cerebral vessels 

Thl, 2 

99 

9 9 

97 

99 

Superior cervical gang- 
lion 

99 

99 

99 

Superior and inferior 
cervical ganglia 

Along internal caro- 
tid artery 

Along external caro- 
tid artery 

With corneal plexus 

Along internal oaro- 
tid and vertebral 
arteries 

Thoracic visoera 

Th3, 4 | 

Superior, middle and 
inferior cervical gan 
glia (man) 

Stellate ganglion (ani- 
mals) 

Cardiac branches of 
sympathetic 

Fore limb 

Th5-9 
(sometimes 
also Th2-4) 

Middle, mf enor cervical, 
first and second thor- 
acio ganglia (man) 
Stellate ganglion (ani- 
mals) 

With brachial plexus 

1 

Hind limb 

Thl0-L2 

Lumbar and sacral 
ganglia 

With lumbo sacral 
plexus 

Abdomen 

(l) ViBcora of abdo 
men proper 

(u) Pelvio viscera 

Th6 -L2 
Th6-) 2 
(chiefly) 

LI, 2 f 
(chiefly) | 

Upper abdominal gang 
ha (superior mesen- 
teric, cceliac etc ) 
Inferior mesenteric gan- 
glia (animals) 
Hypogastno gangha 

(man) 

Along blood vessels 

Along blood vessels 
and in hypogastnc 
nerves 

Thoracic and abdo 
minal parietes 

Thl-12 

Ganglia of lateral sym 
pathetic chain 

With intercostal 

nerves 
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The table on p 711 brings out the sahent anatomical features of the 
sympathetic nervous system 

Parasympathetic Nervous System —This consists of sacral and cranial 
divisions 

Sacral Autonomic System 1 — The connector cells he in the Becond and 
third segments of the sacral cord, m the lateral region of the grey matter 
The connector fibres pass out m the corresponding ventral roots and then 
leave these roots to unite to form a single nerve on each side called the pelvic 
nerves or nervi eriqentes They proceed into the pelvis to reach the excitor 
cells, which are found m the vicinity, or in the substance, of the organs they 
will innervate In man they relay m the hypogastric ganglia on the lateral 
walls of the rectum The structures supplied are the bladder, prostate, most of 
the large intestine, and the blood vessels of the penis It is not certain how much 
of the large bowel is thus innervated , it is usually said that the sacral auton- 
omic supplies the whole of the colon and rectum, with the possible exception 
of the caecum or proximal colon 

Functions — The sacral autonomic supplies motor fibres to the bladder 
(p 767), the large intestine, and to certain muscle fibres round the prostate 
It stimulates the detrusor muscle of the bladder (thuB emptying that organ), 
and, as might be expected, it inhibits the antagonist of the detrusor, namely, 
the sphincter vesicas mternus Similarly, the colon and rectum are made to 
contract and the sphincter am mternus is inhibited 

As the name nervi engentes indicates, erection of the penis is produced 
(p 1104) 

Cranial Autonomic System 2 — It is best to describe first the arrange- 
ment of the autonomic fibres connected with the vagus 

Vagus — The afferent neurones of the tenth nerve have their cell bodies 
m the nodose and jugular gangha The central axons enter the medulla 
between the restiform body and the olive to end m the dorsal nucleus of 
the vagus (and the nucleus of the tractus sohtarius) (Fig 440) The dorsal 
nucleus is situated m the floor of the fourth ventricle, lateral to the nucleus 
of the twelfth, and contains connector cells for both somatic and autonomic 
systems In other words, it contains the homologues of both “ dorsal horn ” 
and “ lateral horn ” cells Certain large cells give rise to fibres ending m 
the nucleus ambiguus (or somatic motor nucleus of the tenth), which supplies 
certain voluntary structures, like the muscles of the larynx In the dorsal 
nucleus are found, too, characteristically small connector cells, referred to as 
the nucleus mtercalatus (Stadermi) These cells give rise to connector fibres 
which pass straight out in the vagus trunk and wander with this nerve (still 
as connector fibres) to reach various viscera, where they end m excitor cells 
lying in the substance of the organs It is clear, then that the connector 
fibres of the vagus correspond to the white rami commumcantes or pre- 
ganglionic fibres of the sympathetic The grey excitor fibres pass direct 
from their parent cells to the organ innervated (e g Fig 447) 

(1) Heart — The excitor cells he m the smo-auricular and auriculo- 
ventricular nodes The excitor fibres supply chiefly the junctional tissue of 
the heart (p 234), i e the nodes, the bundle of His and its ramifications— 
and to a lesser extent the musculature of auricle and ventricle The vagus 

1 Sacral division of the parasympathetic 

2 Cranial division of the parasympathetio 



THE VAGUS 

depresses all the activities of the heart,, % e impulse formation, excitability, 
SSKduCtmty, and contractility, with the result that the heart is slowed and 
its force of contraction diminished (p 268) The vagus also supplies constrictor 
fibres to ihe'coronary arteries (p 237) 
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Fig 447 —Autonomic Innervation of Alimentary Canal (After C J Hill, from Maximov 
and Bloom, Text Book of Histology, W B Saunders A Co 

Longitudinal section of gut vail Hue , mucosa , mm , musculans mucosa , sm , submucosa , PI s m, 
Meissner s plexus [submucous plexus] , cm, circular muscle , PI sym , plexus of postganglionic 
sympathetic fibres , Plm , Auerbach s plexus [myenteric plexus] , Im , longitudinal muscle , s s 
subserosa , s spl sympathetic postganglionic nerve fibres , Gncml , cceliac gangbon , Sym } , pre 
ganglionic splanchnic nerve fibres , Vag { , preganglionic vagus fibres , (cf lug 135 ) V , blood vessel 
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(2) Constrictor fibres are sent to the smooth muscle in the walls of the 
Bronchi (p 409) 

(3) Alimentary Canal (Fig 447) —The vagus supplies the whole of the 
alimentary canal from the oesophagus down to the caecum Some authorities 
(Gaskell) believe that the vagus ends at the ileo-cohc sphincter, others 
that it may extend farther In general, the vagus is motor to the muscle 
of the alimentary canal (pp 809, 812, 814) and relaxes the sphincters 
Auerbach’s [myenteric] plexus (which lies between the circular and longi- 
tudinal muscle coats) acts as the excitor neurones of the vagus to the muscle 
coat of the intestine , m the case of the oesophagus the corresponding plexus 
lies on the surface (p. 806) The vagus fibres also relay m Meissner’s [sub- 
mucous] plexus in the submucous coat whence excitor fibres pass to the 
mucous membrane (Fig 447 , cf Fig 135, p 234) Important secretory 
fibres pass in the vagus to the glands of the stomach (p 777) and the externally 
secreting alveoli of the ■pancreas (p 790) The islets of Langerhans also 
receive a secretory supply from the vagus (p 917) 

Yagal fibres have been traced to the gall-bladder (p 801), liver (p 800), 
and kidney, the excitor cells lying m the organs named , their significance is 
unknown 

Ninth Nerve — If we trace the nucleus ambiguus upwards, we find the 
motor ventral nucleus of the ninth which supplies the stylopharyngeus and 
superior and middle constrictors of the pharynx The dorsal nucleus of the 
ninth is continuous with the corresponding nucleus of the tenth and, like it, 
is a double structure — a fusion of “ dorsal horn ” and “ lateral horn ” cells 
The small connector cells of the dorsal nucleus give rise to fibres which pass 
by way of the tympanic nerve and the small superficial petrosal nerve to the 
otic ganglion which constitutes the excitor ganglion The grey excitor fibres 
arise here, and join the auriculotemporal nerve to reach the parotid gland and 
supply it with secretory and vasodilator fibres The dorsal nucleus of the ninth 
for this reason is sometimes called the inferior salivary nucleus It is worth 
recalling (p 581) that taste fibres from the posterior third of the tongue enter 
the brain stem along the glossopharyngeal to end m this nucleus Thus 
afferent impulses from the mouth can readily produce a reflex flow of 
saliva (p 774) 

Seventh Nerve — The somatic motor nucleus of the seventh is in line 
with the corresponding nuclei of the ninth and tenth There is a dorsal 
nucleus containing connector cells (continuous with the column of dorsal 
nuclei already described), and referred to as the superior salivary nucleus 
The connector fibres issue m the nervus mtermedius, join the facial nerve, 
and go by way of the great superficial petrosal nerve to the sphenopalatine 
ganglion The excitor fibres arise here to pass to the lachrymal gland by way 
of the zygomatic nerve, and to the unstriped muscle, vessels, and gland m 
the palate and nasopharynx via the palatine nerves Other connector fibres 
leave the facial nerve m the chorda tympam to reach the lingual nerve 
and end round ganglia m the vicinity of the submaxillary and sublingual 
glands From these cells secretory and vasodilator fibres to the glands 
arise 

As the nervus mtermedius conveys taste fibres from the anterior two-thirds 
of the tongue to the superior salivary nucleus (p 581), another simple reflex 
arc for the secretion of saliva becomes evident 
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Third Nerve — The connector cells lie in the most cranial part of the 
oculomotor nucleus m the floor of the aqueductus cerebri The connector 
fibres which pass out in the third nerve are often referred to as the midbram 
outflow m contrast with the bulbar outflow m VII , IX , and X They leave 
the third nerve to end m the ciliary ganglion , from which escitor fibres pass 
m the short ciliary nerves to the ciliary muscle and sphincter pupillce The 
connector cells for the sphincter of the pupil lie m the midbram, cranial to 
those for the ciliary muscle As stated on p 708, the short ciliary nerves also 
contain sympathetic grey rami to the dilator pupillae 

Nicotine Method for Determining Site of Relay Stations m Autonomic 
Nervous System — Nicotine has been much used to investigate the path of 
autonomic fibres In large doses it paralyses the excitor cells of the whole 


autonomic system After paint- 
ing a sympathetic or para- 
sympathetic ganglion with 
nicotine, stimulation of the 
white rami (connector fibres) 
which end in it is without 
effect, while stimulation of 
the grey rami (excitor fibres) 
produces the customary results 
Stimulation of connector fibres 
which pass through the mcotm- 
lzed ganglion (without relaying 
m it) gives rise to the normal 
responses 

Extirpation of the 
Sympathetic System — If the 
entire sympathetic nervous 
system is removed in the cat or 
dog, good health is maintained, 
reproduction and lactation 
occur normally m the female 
The blood pressure shows an 
initial fall but most surprisingly 
full recovery takes place later 
It seems that in these animals, 
even m the absence of sym- 
pathetic influences and of 



Fig 448 — Nuclei of Human Hypothalamus 
(Le Gros Clark, J Anat , 1936, 70) 

Ventricular surface of hypothalamus of human brain show- 
ing relative position and extent of some of the hypo- 
thalamic nuclei 

A = Anterior commissure, Hdm — doreomedlal hypo 
thalamic nucleus Hp = posterior hypothalamic nucleus, 
Hvm = Ventromedial hypothalamic nucleus , Mm = Medial 
mammillary nucleus , Mth = Mammillo- thalamic tract 
(Bundle of Vicq d Azyr) Pro = preoptic nucleus, Pv = 
paraventricular nucleus , So = Supraoptic nucleus, (cf 
Pigs 17, 408, 424, 427, 428, 429, 431 ) 


secreted adrenaline, the walls of the arterioles develop a sufficient 
degree of tone to maintain the peripheral resistance [In man, on the other 
hand, localized sympathectomy leads to vasodilatation which persists for 
many years (p 359) ] There are no persistent signs of the expected over- 
action of the parasympathetic , e g the heart rate and size of pupil soon 
settle down to about normal The metabolic rate is lowered by not more 
than 10 per cent With emotional excitement there is no change m the 
blood sugar, no increase m the red cell count, or marked rise of blood pressure 
such as occur normally (cf p 661) The ammals are very sensitive to cold, 
and lose heat more rapidly than normals m a frigid environment The 
ammals are able to lead a placid existence quite efficiently, but are stated 
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to respond less well to conditions of emergency This impairment of functions 
is often not m evidence, and the animals may be able to run or fight as 
vigorously as normal controls These results are important and cast grave 
doubt on the generally accepted view that the sympathetic-adrenal 
system is indispensable in mediating the adaptations necessary m times 
of stress (p 731) 

Higher Control of the Autonomic Nervous System —1 Centres in 
Brain Stem —Superimposed over the connector cells of the autonomic 
system are “ centres ” m the brain stem controlhng special parts of the system 
which are concerned with specific functions — e g the vasomotor (vascular 
tone) (p 303), cardiac (heart rate) (p 270), vomiting (p 811), respiratory 
(p 384), deglutition (p 805), adrenaline-secreting (p 730), and blood sugar 

regulating (p 917) centres 

2 Role of the Hypothalamus — 
Nuclei or Hypothalamus — The mam 
nuclei m the hypothalamus may be grouped 
as follows (Fig 448) (i) Anterior (a) para- 

ventricular , (b) supraoptic 

(n) Middle this group occupies the middle 
part of the tuber cmereum, and mcludes the 
nucleus tuberahs and the ventromedial, dorso- 
medial, and lateral hypothalamic nuclei 

(m) Posterior (a) posterior hypothalamic 
nucleus, (b) mammillary body 

Connections and Functions — These are 
summarized below 

(i) Efferent fibres from the hypothalamus 
pass from the middle and posterior nuclei to 
the bram stem “centres” mentioned m 1, 
supra, and thus control the activity of the 
whole autonomic system (sympathetic and 
parasympathetic) 

(a) Stimulation of the posterior nuclei in- 
creases sympathetic activity , e g it produces a 
rise of blood pressure, secretion of adrenaline, 
quickening of the heart, and development of 
premature contractions (Fig 449) 

(6) Stimulation of the middle nuclei produces parasympathetic overaction, 
e g cardiac slowing, increased gastric secretion, blood flow and motihty 
Irritative lesions of the middle nuclei by stimulating the vagus, may produce 
haemorrhagic erosions of the mucosa of the oesophagus, stomach or duodenum 
which may result m fatal perforation (p 788) 

(n) Descending fibres from the frontal lobe (areas 6 and 4) (p 629) and 
the globus palhdus (p 656) end m the hypothalamus , the latter m turn gives 
rise to descending fibres which relay m the reticular nuclei, and are continued 
in the reticulospinal tracts to the spinal motor neurones (Fig 408) The 
hypothalamus thus constitutes part of the extra-pyramidal facihtatory pathway 
Lesions of the hypothalamus produce (experimentally) poverty of movement 
and catalepsy (p 659) and may be responsible for some of the signs of 
Parkinson’s disease (p 660) 



Pressure and Breathing (Ran 
son, Knbat, and Mngoun, Arch 
Neurol Psychol , Chicago, 
1935 , 33, 468 ) 

Records from abovo downwards are 
respiration, timo In seconds, signal 
line, blood pressure During fall 
of signal (S), region of lateral hypo 
thalamic nucleus nas stimulated 
Note Increase in rate and depth 
of breathing and riso of blood 
pressure 
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(m) Fibres pass from the anterior nuclei to the neurohypophysis (posterior 
lobe of pituitary) to control the secretion of the antidiuretic hormone (ADH) 
(p 47) and the oxytocic hormone (p 1091) Though the hypothalamus does 
not directly innervate the anterior pituitary it forms chemical transmitters 
which regulate the activity of this gland (p 931) 

By reason of the connections set oat m l-m above , the hypothalamus is 
an important centre for emotional exteriorization (p 665) Lesions which 
isolate the hypothalamus from the higher levels produce the rage reaction 
(pp 664, 671) Lesions of the hypothalamus or its descending tracts may give 
rise to emotional palsy (p 668) The hypothalamus is the principal centre for 
temperature regulation 1 (p 473) 


A B C 



Fig 460 — Action of Acetylcholine on Circulation (Dale, J Pharm exp Therap , 1914 ) 

Records from above downwards blood pressure, signal, time m 2 seconds (A, B), and 10 seconds (C) 

A Inject 0 1 mg of acetylcholine Marked fall of blood pressure and intense transient slowing of the 
heart (muscarine action) Between A and B inject 1 mg of atropine B Inject 5 mg of acetylcholine 
Large rise of blood pressure (ganglionic or nicotine action) Between B and C inject large dose of 
nicotine (30 mg ) to paralyse autonomic ganglia C Repeat injection of 5 mg of acetylcholine No 
effect on blood pressure 


(iv) It is closely linked by many afferent and efferent fibres with the 
thalamus and prefrontal cortex (Fig 428, p 669) It is thus part of a nervous 
complex related to emotional states (p 666), personality, and social behaviour 
(p 670) 

(v) It receives afferents from the hippocampal region via the fornix and 
discharges via the anterior nucleus of the thalamus to the cmgular gyrus 
The role of this connection is obscure 

Results of Lesions of the Hypothalamus — Some of the syndromes 
observed clinically are briefly summarized below 
(i) Diabetes insipidus (p 49) 

(n) Disturbed temperature regulation (p 473) 1 


n The following points may be mentioned here (1) Destruction of the hypothalamus 
of thi Ca dnotb«? ^ 8ed i h yp°f lermla or hyperthermia (n) Localized heatmj or coolmg 

ap ^ r °* P T te reactions which increase heat loss or heat 
respectively, showing that the nerve cells are specifically sensitive to mmute 

i m) Th , c “**»”*” 8K»P ot drug, »„d thi taS 
hypothalamus poikilotherrmc) may produce their effects by an action on the 
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(in) Disturbances in carbohydrate and fat metabohsm and m sexual 
function, resulting from anterior pituitary dysfunction (pp 931, 936) 

(iv) The occurrence of somnolence, 1 changes in muscle tone and impaired 
emotional exteriorization 


(v) Changes in personality presumably owing to deranged activity of the 
associated prefrontal cortex (p 674) 

(vi) Hypothalamic lesions may set up abnormal hunger which is satisfied 
by an excessive intake of food which m its turn produces obesity 1 It will 
be recalled that prefrontal leucotomy is often followed, temporarily, by a 
ravenous appetite (p 674) 

3 Role or Cerebral Cortex — The control of visceral activities by the 
cerebral cortex is considered on p 671 

Mode of Action of Autonomic Nerves — Chemical Transmission of 
Nervous Impulse 2 — The general question of transmission of the nerve 
impulse was considered on p 507 Before discussing this problem further in 
relation to the autonomic nervous system, we must be familiar with the peri- 
pheral actions of adrenaline (see p 724), and of acetylchohne 

Action of Acetylcho- 
line 3 * — The peripheral 
autonomic effects of this 
drug may be grouped under 
three headings 

(l) Direct action A 
peripheral dilator action on 



Fig 4)1 —Action of Acctj'lchohnc on Perfused 
Frog’s Heart (Dale, J P/iarm exp Tlierap , 
1914) 

Record of contraction of perfused frog s licirt At tlic 
vertical lino the perfusing fluid ms changed from pure 
Ringer's solution to one containing 1x10-* of ncetjl 
choline Note arrest of tho heart which follows an initial 
decrease in tho force and rate of contraction 


certain blood vessels 

( 11 ) “ Muscarine ” action 
Acetylchohne stimulates all 
parasympatheticallyinnervat- 
ed structures by a peripheral 
action 


(in) Nicotine action 

Acetylchohne (hke small doses of nicotme) stimulates all autonomic ganglia 
Action on the Circulation — (i) If acetylchohne is injected intra- 
venously m doses of 1 x 10" 5 mg or less (e g m the cat), it lowers the blood 
pressure This effect is due to a direct dilator action on the walls of certain 
peripheral blood vessels as can be proved by perfusion experiments, eg on 
the blood vessels of the ear This dilator action is abolished by atropine 
(n) When larger doses (0 01-0 1 mg ) are injected a considerable fall of 
blood pressure results which is associated with, and is largely due to, a vagus 
effect on the heart, i e slowing and decreased contraction (Fig 450, A) The 
cardiac effects are still obtained after section of the vagi, but are abolished by 
atropine, i e acetylchohne acts on the heart m the region of the vagal terminals 
(ui) After injection of atropine, small doses of acetylcholine no longer 
depress the heart or the blood pressure Very large doses, however, eg 5 mg , 
produce a marked rise of blood pressure and cardiac acceleration, especially 
after previous destruction of the medulla and spinal cord (Fig 450, B) 


1 Cf footnote 1, p 941 

2 Dale, Brit med J , 934, i, 1835 Loewi, Proc roy Soc B , 1935, 118, 299 

3 Dale, J Pharm, exp Therap , 1914, 6, 147 , Symposium on Acetylcholine, Bull 

Johns Hopk Hosp , 1948, S3, 463 
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The response is due to stimulation of the sympathetic ganglia and thus of the 
constrictor fibres to the blood vessels and the cardio-accelerator fibres , a 
discharge of adrenaline also occurs and is a minor contributory factor 

(iv) Following the injection of very large doses of nicotine which paralyse 
the autonomic ganglia (p 715), the pressor effect of acetylcholine is completely 
abolished (Fig 150, C), confirming the interpretation given above of its mode 
of action 

(v) Acetylcholine weakens, slows, or arrests the isolated perfused heart 
in concentrations of 1 X 10' 8 or less (Fig 451) 

Action on Other Viscera — There is no need 
to detail the actions of acetylcholine on the other 
viscera as it accurately repeats the effects of para- 
sympathetic stimulation , thus it produces a secretion 
of tears, sahva, and gastric and pancreatic juice , it 
increases the movements of the oesophagus, stomach, 
small or large intestine (Fig 452), and bladder , there 
is pelvic vasodilatation and erection of the perns If 
injected directly (1 drop of 01% solution) mto the 
pad of the cat’s foot there is local vasodilatation and 
secretion of sweat (cf p 481) The uterus, though 
innervated by the sympathetic only, is stimulated by 
acetylcholine acting directly on the muscle coat 

Acetylcholine also has important actions on skeletal 
muscle (p 514), the central nervous system (p 530), 
and the chemoreceptors (p 785) If apphed directly to 
the supraoptic nucleus it stimulates it to discharge 
impulses to the posterior pituitary (p 55) 

The transient nature of the action of injected 
acetylcholine is due to its instability , it is rapidly 
hydrolysed m alkahne solution even at room tempera- 
tures to form cholme which is about 100,000 times 
less potent than its acetyl derivatives In blood and 
m the tissues generally there are varying concentra- 
tions of an enzyme, cholinesterase (p 509), which 
greatly accelerates the rate of destruction 

Acetylcholine as Parasympathetic Chemical 
Transmitter 1 — Loewi showed that when the vagus 
supply of an isolated perfused frog’s heart is stimulated, 
a substance appears m the lumen of the ventricle 
which can be transferred to and produces a vagus 
effect on another ventricle (Fig 453) There is good evidence that the 
substance is acetylcholine The nervous impulses (spike potentials) which 
pass down the vagus, therefore, do not act directly on the heart muscle, 
but through a chemical intermediary or transmitter which is released at 
the vagal terminals (p 508) 

Not only the vagus, but all the parasympathetic nerves, both in amphibia 
and m mammals, produce their effects m exactly the same way The study of 
the subject has been facihtated by the elaboration of biological methods 
which enable acetylcholine to be demonstrated m min ute amounts and its 
1 Loewi, PflQgers Archxv , 1921, 189, 239 Brown, Phyttol Rev , 1937, 17, 485 



Fig 452 — Action of 
Acetylcholine on 
Intestine (Dale, 
J Pharm exp 
Therap , 1914 ) 
Record of movements of 
strip of intestine sus 
pended m bath of warm 
oxygenated Ringer- 
Locke s solution At 
A, acetylcholine w as 
added to the bath Note 
intense contraction of 
intestine At R, fresh 
Rineer-Loche s solu 
tion was introduced 
into the bath and in- 
testinal relaxation oc- 
curred 
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concentration determined with a fair degree of accuracy The blood or perfus- 
ing fluid is collected before and during parasympathetic stimulation from the 
organ under investigation in an animal under the influence of eserme (this 
drug is used to preserve any acetylcholine which may be formed) A series of 
tests are then carried out, based on the following known actions of minute 
doses of acetylcholine 

( l ) It lowers the blood pressure on intravenous injection , this fall is 
abolished by atropine 

(n) It produces contraction of the back muscle of the leech (Fig 454) or 
the rectus muscle of the frog previously treated with eserme 

(m) It inhibits the frog’s heart (Fig 454) or the rabbit’s auricle 

(iv) It is inactivated by treatment with alkali, but is unaffected by acid 

It the fluid under examination gives positive results with this series of 
tests and if m addition its relative activity on the different test objects is 
the same as that of acetylcholine there can be no reasonable doubt that it 



Fig 453 — Liberation of Parasympathetic Chemical Transmitter in Frog’s Heart (Bam, 

Quart J exp Physiol , 1932 ) 

E and D represent the contraction of tno isolated frogs hearts D (donor) is perfused with fluid which 
is then passed into the lumen of It (recipient) During the period indicated bj the descent of the 
signal line S, the \ agus ner\ e supplj of D is stimulated, causing cardiac arrest After a latent period 
the recipient heart (it) also ceases to beat T=ti me in seconds 

contains acetylcholine By matching the physiological results obtained with 
those produced by known concentrations of acetylcholine, one can determine 
the probable acetylcholine content of the sample (Fig 454) 

Acetylcholine is constantly being released at parasympathetic nerve ends 
under normal conditions because of parasympathetic “tone,” i e the steady 
stream of impulses which are discharged at a low frequency from the nerve 
centres The amount released is considerably increased by parasympathetic 
nerve stimulation Acetylcholine is found m extracts of ins and of the ciliary 
bodies , the amount present is increased by third nerve stimulation , it is 
very important to note that it disappears completely after third nerve section 
and degeneration 

Action of Atropine — Atropine does not interfere with the release of 
acetylcholine at parasympathetic postganglionic terminals , but it prevents 
the acetylchohne which is released from acting on the tissue cells Subsequent 
parasympathetic stimulation consequently produces no functional changes m 
the organs supplied Atropine is often said to “ paralyse parasympathetic 
nerve endings ” , this is not true , the current expression is that atropine 
“ annuls the effects ” of parasympathetic stimulation or “ blocks ” the 
parasympathetic nerve endings (cf action of curare, pp 516, 524) 
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Acetylcholine as Transmitter in Autonomic Ganglia 1 — This question 
is fully considered on p 523 

Chemical Transmitters of Antidromic Vasodilators in Dorsal 
Nerve Roots — Stimulation of the peripheral end of a cut dorsal nerve 
root, % e towards the body surface, produces dilatation of the blood vessels 
(arterioles, capillaries, and venules) in the corresponding region of the skin 
and of the blood vessels of muscles A limb enclosed m a plethysmograph 
consequently shows an increase m volume (Fig 455) The fibres concerned 
have their cell bodies in the dorsal root ganglion, and not m the spinal cord 
if the dorsal nerve root is cut peripheral to the ganglion (Fig 195, point 2) 
and time is allowed to elapse for the appropriate nerve fibres to degenerate, 
this vasodilator effect is abolished , if 
the section is central to the ganglion 
(Fig 195, point 1), the vasodilator 
fibres survive indefinitely The nervous 
impulses m these experiments are called 
antidromic because they are trans- 
mitted in the reverse to the normal 
direction If the ventral roots are cut 
and allowed to degenerate, it is found 
that subsequent peripheral stimulation 
of the cut dorsal root gives rise to a slow 
contraction of the skeletal muscles 
which have been deprived of their motor 
supply (the Sherrington 'phenomenon ) 

The dorsal root fibres responsible 
for all the effects described are fine 
medullated nerves, conducting slowly 
at a rate of about 1 metre per second 

The explanation of these remarkable 
results is as follows Branches of 
the dorsal root fibres which reach the 
skin or muscles give off collaterals to 
supply the walls of the local blood 
vessels (Fig 195) When the anti- 
dromic impulses reach these vessels they 
release chemical transmitters which 
are responsible for the effects described 

(L Effects on Muscle — There is evidence that acetylchohne is released 
at the ends of the dorsal root collaterals supplying the muscle vessels and is 
responsible for their dilatation The acetylchohne thus released diffuses 
away and reaches the skeletal muscle fibres m the vicinity It has been 
pointed out (p 516) that motor denervation sensitizes tissues to the action of 
their normal transmitters When skeletal muscle has been deprived of its 
motor nerve supply the sensitized tissue responds by contraction to the 
presence of acetylcholine in its vicinity Intravenously injected acetylchohne 
likewise produces dilatation of muscle blood vessels and contraction of 
denervated skeletal muscle 



Fig 454 —Estimation of Acetylchohne 
m Physiological Fluids (Feldberg 
and Gaddum, J Physiol , 1934, SI ) 

Upper record, frog s heart , lower record, leech 
muscle treated with eserine 

A Effects of fluid collected during nerve stim 
ulation 

I) Control fluid 

B, C Effects of acetylchohne 15 and 30 ng per 
litre respectively 

Note in A, B, C inhibition of heart and contraction 
of leech muscle Test solution A is equi\ a 
lent to about 20 iig of acetj lchohne per litre 


Feldberg and Gaddum, J Physiol , 1934, 81, 305 
Eccles, Ergeb Physiol , 1936, 38, 


Brown, Physiol Rev , 1937, 17, 
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(2) Effects on Shn —According to Lewis, the vasodilatation in the skin 
produced by peripheral dorsal root stimulation is due to the liberation there 
of a substance which resembles histamine ( H-substance) m its physiological 
properties The question is further considered on pp 309 and 323 et seq 
Evidence is presented on p 513 that acetylcholine is the transmitter 
at motor end plates m skeletal muscle Its relationship to transmission 
processes m the central nervous system is considered on pp 530 el seq 

Chemical Transmitter of Sympathetic Postganglionic Fibres 1 — 
The postganglionic fibres of the sympathetic produce their effects by releasing 
adrenahne or the closely related substance nor-adrenahne at their ter min als 
The transmitter will for convenience be referred to as adrenahne (p 510) 
These results explain the so-called sympathomimetic action of adrenalme 



Fig 455 — Vasodilators in Dorsal Nerve 
Roots (Bayliss ) 

Upper record (A) limb volume, loner record 
(B) blood pressuro Signal stimulation 
of the peripheral end of a lumbar dorsal 
nerve root eight da\s after section be 
tween the spinal cord and the ganglion 
Note the increase In limb aolumc (lndlca 
tlve of \ nsodllatatlon) without change In 
the level of the blood pressure 



Fig 456 — Release of 

Sympathetic Trans 
mitter m Frog’s 
Henrt (Loewi, 
PJhlgers Arclnv ,1921, 
189) 


Record of nun cments of isol 
ated perfused frog s a en 
trlcle At the point marked 
b> the arrow there was 
added to the perfusing fluid 
tho contents of another 
frog a ventricle which had 
been subjected to sjmpath 
otic stimulation Note as a 
result the Increased ampll 
tudo of tho contractions 


i e that it produces on injection the same results as sympathetic stimulation , 
no other result could be expected if the sympathetic itself produces its effects 
by releasing adrenahne at its terminals (cf p 724) 

The following experiments may be quoted 

(1) Stimulation of the sympathetic nerve supply to the isolated frog’s 
heart releases a substance in the ventricle which can be transferred to and 
causes sympathetic effects on another heart, i e increased force and rate of 
contraction (Fig 456) 

(2) Stimulation of the peripheral cut end of the sympathetic supply to 
structures in the hinder part of the body of the adrenalectomized cat, eg to 
the tail hairs, intestine, uterus, or bladder, causes acceleration of the dener- 
vated heart 2 (cf p 729) The maximal acceleration may occur several 

1 Bacq, Ergeb Physiol , 1935, 37, 82 , Rosenblueth, Physiol Rev , 1937, 17, 514 
Cannon and Rosenblueth, Autonomic Neuro effector System, New York, 1937 

2 Cannon et al , Amer J Physiol , 1931, 96, 392 , 97, 365 , 1932, 99, 398 
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minutes after nerve stimulation is discontinued , tlie effect is further delayed 
if the venous return from the stimulated region is temporarily arrested 
Stimulation of the peripheral cut end of the sciatic nerve (which contains 
sympathetic fibres) causes adrenahne-hke effects on distant organs, eg 
dilatation of the pupil (Fig 457), inhibition of the intestine, a rise of blood 
sugar, and contraction of the spleen All these results can be reproduced 
even when the postganglionic fibres to the responding organs have been 
cut and allowed to degenerate, 
and the adrenals removed 
Chemical examination shows 
that the responsible exciting 
substance is adrenaline (or 
nor-adrenahne) 

The adrenaline released at 
sympathetic postganglionic nerve 
endings exerts its effects pre- 
ponderantly locally at the site 
of its liberation, small quantities, 
however, as has been shown, 
may escape mto the general 
circulation and produce shght 
effects at a distance As they 
release chemical intermediaries 
peripherally, all sympathetic (and 
parasympathetic) nerves might 
be called “ secretory ” nerves , 
or, alternately, one can regard 
the adrenal medulla as a large 
differentiated ganglion cell plus sympathetic ending The essential difference 
between the sympathetic system and the adrenal medulla is that the 
former can act with greater precision on restricted parts of the body 
while the latter produces effects which are more generalized and diffuse 1 
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Fig 457 — Release of Sympathetic Transmitter 
by Sympathetic Fibres to Limb (Bacq, 
Arch internal Physiol , 1933 ) 

Record of diameter of denervatcd pupil During the 
period indicated by the signal, the peripheral end 
of the cut sciatic nerve vas stimulated (this nerve 
contains postganglionic sympathetic fibres) After 
a latent period the pupil dilated 


THE ADRENAL MEDULLA 2 

The structure, comparative anatomy and embryology of the adrenal 
medulla are described on p 943 The physiology of the medulla is dealt 
with here because its active principle (or principles) is as closely related 
functionally (as it is developmentally) to the sympathetic nervous system 
The active principle of the adrenal medulla has hitherto been thought to 
be adrenaline, which can be readily extracted from the medulla and can be 
demonstrated m the adrenal venous blood , recent careful work has shown 
however that the medulla also secretes the closely related substance called 
nor-adrcnahne (which is adrenaline minus its terminal CH 3 group (p 729)) 
The relative amounts of adrenaline and nor-adrenahne secreted vary a good 
deal for reasons that aTe unknown There are significant differences m the 

) Tho action of ammo oxidase and ephcdrine are considered on p 510 
: Cannon, Bodily Changes in Pam, Hunger, Fear and Bage, 2nd edn , 1929 
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physiological actions of adrenaline and nor-adrenaline Until the matter 
has been further clarified, it is convenient to discuss the hormone of the 
adrenal medulla as though it were only adrenaline 

In the resting condition of the body it is not certain whether any secretion 
is discharged from the medulla, though there is some suggestive evidence 
In various states of emergency or stress there is no doubt that adrenaline 
is poured into the circulating blood and acts mainly by reinforcing the activity 
of the sympathetic system 

Actions of Adrenaline 1 — In general adrenaline affects all sympathetic- 
ally innervated structures throughout the body and produces the same 
changes as does stimulation of their sympathetic nerve supply (Adrenaline 
also acts on elements of the central nervous system ) 

Briefly stated, the effects are (cf pp 708 el seq ) 

(1) Eye dilatation of the pupil (cf p 729) and retraction of the lids 

(2) Heart the direct effects on the heart are acceleration, increased force 
of the beat, and increase in cardiac excitability and conductivity 

(3) Blood Vessels constriction of the arterioles and capillaries m the 
skin , constriction of the splanchmc blood vessels , dilatation of the blood 
vessels supplying the heart and skeletal muscle 

(4) Bronchi relaxation of the muscle coat 

(5) Intestine inhibition of the intestinal wall and closure of the sphmcters 

(6) Liver conversion of glycogen into glucose Contraction of the capsule 
of spleen and the wall of gall-bladder 

(7) Bladder relaxation of the detrusor and contraction of the sphincter 
and trigone (p 767) 

(8) Uterus varying effects are produced In women the uterus is 
inhibited during labour and the puerpenum 

(9) Shin structures excitation of arrectores pill and other smooth 
muscle m the skin In man no secretion of sweat is produced (but see p 481) 

(10) Sheletal muscle it antagonizes muscular fatigue, enhances excita- 
bility, and antagonizes the action of curare (p 521) 

Certain points must be elaborated m greater detail 

1 Circulation — A Action in Animals — (1) Blood Pressure — Injection 
of adrenaline intravenously (in ammals) produces a rapid and marked rise of 
arterial blood pressure (Fig 458, A) (up to levels as high as 250 mm Hg) The 
pressor effect is due to vasoconstriction, mainly in the skm and splanchmc 
area The volume of a limb, kidney, or intestine (recorded with a plethysmo- 
graph) shrinks markedly, showing that the volume of blood m these parts 
is decreased because of contraction of the blood vessels Similarly the blood 
flow through these regions descreases strikingly The blood vessels of skeletal 
muscle dilate , thus, though the volume of an intact limb diminishes, the 
volume of a skinned limb increases after injection of adrenaline The coronary 
vessels also dilate The intensity of the action of adrenaline on different 
vessels is probably related directly to the richness of their sympathetic 
innervation As might be anticipated, adrenahne has a relatively minor direct 
constrictor action on the cerebral and pulmonary vessels The net result of 

1 The differences between the action of adrenahne and nor adrenahne are mainly 
quantitative Thus, if the dose of adrenahne necessary to produce a given effect is taken 
as 1 , that of nor-adrenalme is on oat’s blood pressure, 0 8 , rabbit ileum, 2 , frog perfused 
heart, 33 , rat non pregnant uterus, 100 
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these varying vascular effects is to redistribute the blood flow m a manner 
appropriate for conditions of stress The flow is diverted from the skin and 
splanchnic areas and directed to the coronary and skeletal vessels which are 
actively dilated ( infra ) The rise of blood pressure further increases the rate 
of flow in this latter group of vessels , it also probably overcomes the shght 
constriction (directly produced) of the cerebral vessels, thus finally increasing 
the blood supply to the bram 

Adrenaline acts 'peripherally on the muscle coat of the blood vessels It 
produces its pressor action after destruction of the medulla and spinal cord 
and after paralysis of the sympathetic ganglia by nicotine , the blood vessels 
of the skin are constricted even after section and degeneration of all the 
sympathetic nerves to the part 

(2) Heart — Using the isolated mammalian heart perfused through the 
coronary vessels (p 236) adrenaline produces an increase m the rate and 
force of cardiac contraction - 

A pressor injection of adrenaline m the intact animal commonly slows the 
heart (Fig 458, A) The rise of arterial blood pressure stimulates the presso- 
receptors m the carotid smus and aortic arch , afferent impulses pass up to 
stimulate the cardio-inhibitory centre and reflexly, via the vagi, the heart 
rate is slowed (m other words, the direct accelerator action of adrenaline on 
the heart is reflexly overcome) This reflex cardiac slowing is abolished by 
section of the smo-aortic nerves, section of the vagi, or “ blocking ” of the 
vagal endings by atropine , it is also annulled when the blood pressure is 
prevented from rising by the use of a suitable compensator device (Fig 458, B) , 
under these experimental conditions adrenaline, intravenously injected, 
quickens the heart 

B Action in Man — An intravenous injection of adrenaline of e g 0 3 
mg produces a considerable rise of blood pressure (e g to 210 mm Hg) 
associated with marked pallor owing to constriction of skm vessels The 
skin temperature, as might be expected, falls especially m the hands and feet 
The JieartrTate- rises and there is increased excitability of the myocardium 
resulting in the development of numerous extrasystoles (p 270) , conduction 
m the bundle of His is speeded up 1 If adrenaline is injected intravenously m 
minute amounts (1-2 gg ) there may be no change m arterial blood pressure 
or pulse rate or m the state of the skm vessels, but the muscle vessels m the 
calf or forearm dilate and the blood flow through them increases These 
experiments prove conclusively that adrenaline actively dilates muscle vessels 
in man 

Subcutaneous injection of adrenaline (eg 0 2 cc of a 01% solution) 
causes constriction locally of arterioles and capillaries (p 322), so that a cold 
pale patch of skm is produced 

If the heart has been arrested by an overdose of an anaesthetic, mtra- 
cardiac injection of adrenaline may restore the rhythmic beat (cf p 294) 

2 Respiration — During the height of the rise of blood pressure which 
follows the intravenous injection of adrenaline m a nim als the respiratory 
movements often cease or become very shallow (Fig 458, A) This adrenaline 
apncea, as it is called, is mainly reflexly produced by the rise of blood pressure 
which stimulates afferent nerve endings m the aortic arch and carotid smus 

1 Similar changes are observed when large doses of adrenaline are secreted by the cells 
ot a tumour of the adrenal medulla (cf p 734) 



726 ACTION OF ADRENALINE ON RESPIRATION 


(cf Fig 477) Tlie apnoea is almost completely abolished after division of the 
vagi and denervation of the carotid sinuses, or if the rise of blood pressure is 
prevented from taking place by means of a compensating device (Fig 458, B) 
In man, adrenaline apnoea does not occur , in fact m the “ hypertensive 



F I0 458 Action of Adrenaline on Blood Pressure and on .Respiration (Wright,/ 

Physiol , 1930 ) 

Cat chloraloso anesthesia The records from above downwards represent blood pressure, respiration 
’ an( i time in 2 seconds The -vagi are intact In A, 0 1 mg adrenaline -was injected at tlie arrow 
Note the marked rise of blood pressure and the obvious slowing of the heart rate The breathing is 
Inhibited at first and gradually returns to normal 

In B twice the dose of adrenaline (0 2 mg ) was injected By means of a special compensation 
dovice tile rise of blood pressure was almost completely prevented Note that there Is no slowing ot 
the heart, and only a transient slight decrease in respiration, following which the breathing becomes 

^Thlj experiment demonstrates that the slowing of the heart and the respiratory depression 
which occur in the intact animal (A) are not due to the adrenaline itself but result (reflexly.) from 
the rise of blood pressure 


crisis ” of tumours of the adrenal medulla, the breathing becomes deep and 

i ^Adrenaline increases the basal metabobsm by about 20%, as the result 
!; 0 f increased oxidation in the tissues generally These changes come on 
; within a few minutes of the injection and persist for about half an hour (p 380) 
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The bronchi are relaxed , this action is the basis of the treatment 
of the spasm of bronchial asthma by subcutaneous injection of adrenaline 

(P * 09 ) , 

3 Muscle — The actions on skeletal muscle are important The muscles 

can work to better advantage owing to their improved blood supply , m 
addition (cf p 521) adrenaline increases the force of contraction both of 
normal and fatigued muscle m response to stimulation of its motor nerve 
Adrenaline also has a marked anti : curare action (p 522) 

4 Blood — (l) Adrenaline stimulates the conversion of glycogen m the 
liver into glucose which is then poured into the circulating blood The 


cc 
700 r 
500 

300 


Diodrast 


CC i N U LIN 
(20 


mm 


-■ ‘-‘--‘i Ml 11111 


030r 
0 25 r 

0 20 p 


mm 

2oo*~ 0 15 


mo 

100 


Filtr FR 


B P 


il 

ji lYtTTvrtTI 1 1 1 ITTTr 

T I 0 m 9 Adrenaline 

iniiijjjiLU 


1. 1 1 1 1 1 1 > i . i ' 1 1 ■ 


Urine n7 1DS 02 5 167 Ob 4 1 27 20 2 6 

1 L 




a. 


41X111. 


TT 


29 

L_ 


20 40 60 80 100 

Minutes 


120 


MO 


160 


Fig 459 — Effect of Adrenaline on Circulation and Kidney Function in Man. 
(ChaaiB ef al , J dm Inveshg , 1938, 17, 688 ) 

Dlodrast=dladrast clearance = renal plaBtna flow per minute in cc Inuhn— imilin clear- 

'-“‘-‘on rate m c c per minute Filtr Ft = filtration fraction = 

plasma flow BP = blood pressure, upper line=systolic, 
, , ssure In mm Hg Urine=urine volume m cc/10 minutes 

Timo in minutes 

At arrow , inject 1 mg of adrenaline subcutaneously Renal plasma flow decreases 
from 080 to 373 c c /minute , glomerular filtrate is unchanged , filtration fraction 
ri->cs from 10 to 30% Tho volume of urine is reduced 


level of the blood sugar rises , if glomerular filtration of sugar is increased 
sufficiently, sugar is excreted m the urine ( glucosuna ) If the liver has 
previously been emptied of glycogen, a rise of blood" sugar may still be 
produced by adrenaline either (a) because of stimulation of neoglucogenesis, 
or (6) owing to the conversion of muscle glycogen to lactic acid which enters 
the blood and is converted by the liver into blood glucose 

(n) Blood coagulation time may be diminished 

(in) Subcutaneous injection of adrenabne (eg 0 8 mg ) in man usually 
increases the red cell count, the hsematocrit value (e g from 44 7 to 46 1%), 
the luemoglobm concentration ( e g from 14 5 to 15 2 g-%), and the plasma 
protein concentration ( e g from 6 6 to 7 0 g-%) The rise in red cell count 
and the related changes have been attributed to mobibzation of red cells 
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from depots, especially the spleen Changes of the same magnitude, however, 
take place in splenectomized patients 1 As the plasma protean concentration 
rises to the same extent as the red cells, the changes may be the result of 
simple hmmoconcentration due to movement of fluid out of the blood 

(iv) By causing a discharge of adrenal eorticoids {infra) injection of 
adrenaline {eg 0 2 mg) temporarily decreases the number of circulating 
eosinophil leucocytes (p 951) The neutrophils increase m number , the 
lymphocyte count first rises and then falls 

5 Kidney — The effects of pressor doses of adrenalme (1 mg subcutane- 
ously) m man are well summarized m Fig 4.59 The blood flow through the 
kidney is cut down almost to half its original value owing to constriction 
of the renal arterioles In spite of the diminished total renal blood flow the 
volume of glomerular filtrate formed is unchanged , the filtration fraction 
(t e the ratio of volume of glomerular filtrate/plasma flow) rises, eg from the 

normal 16% to 30%, indicating that 
glomerular capillary pressure has been 
substantially increased The evidence 
as a whole proves that adrenahne 
constricts specifically the glomerular 
efferent arterioles (cf p 25) The 
volume of urine is decreased considerably, 
this change must be attributed to more 
complete reabsorption of water from 
the lumen of the tubules into the blood 

6 Anterior Pituitary and Ad- 
renal Cortex — Adrenalme stimulates 
the anterior pituitary causing the release 
of pituitary corticotropkm (ACTH) , as 
a result there is increased secretion of 
adrenal eorticoids (p 950) 

7 Spinal Cord — Adrenahne acts 
on the central nervous system as well 
as peripherally Thus m large doses 
it diminishes muscle tone and somatic 
reflexes (hke the knee-jerk) by a direct 
depressant action on the spmal cord 
(there may be an initial excitatory 

action) These effects are independent of the associated changes m blood 
pressure or respiration, and are not due to constriction of the vessels 
supplying the cord or to afferent impulses in the smo-aortie nerves (Fig 460) 
Adrenalme may also act on the supraoptic nucleus stimulating the release 
of ADH from the neurohypophysis 

Site of Action of Adrenaline — There is no doubt that the site of 
action of adrenalme on viscera and on skeletal muscle is a peripheral one , 
thus it acts on the isolated heart, the isolated intestine, or the blood vessels 
of the denervated hmb Its site of action is not the anatomical sympathetic 
nerve endings as it can still produce its effects on viscera after these nerve 
endings have degenerated In fact the loss of the sympathetic nerve ends 
makes glands and smooth muscle respond m a more sensitive manner to 
1 Ebert and Stead, Amer J med Sci , 1941, 201, 659 



Fig 460 — Action of Adrenahne on 
Spinal Cord (Schweitzer and 
Wright, J Physiol , 1937 ) 

Cat Records from abovo downwards are 
knee jerk (elicited eicry 6 seconds) blood 
pressure, nnd time in 'SO seconds Between 
A and B cut firm aortic nerves At each 
arrow inject 02 q; of ndrennline 
Inhibition of the knee jerk and decreased 
quadriceps tone occurs in each case 
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adrenaline, e g adrenaline introduced into the conjunctival sac dilates the 
pupil after extirpation of the superior cervical ganghon, but not when the 
nerve supply is intact (cf p 516) Skin blood vessels similarly respond more 
readily to adrenahne m man after, say, stellate ganghonectomy (cf p 359) 
Adrenahne thus acts directly on the muscle or gland cell distal to the nerve 
endings, presumably at the point where the chemical transmitter is released 
by sympathetic nerve impulses (p 508, 722) 

The action of adrenahne is intensified (“ potentiated ”) by administration 
of epkedrine (p 510) cocaine or thyroid After injection of large doses of 
ergotoxm, doses of adrenahne which were previously pressor, produce a fall 
of blood pressure 

Structure of Adrenaline 1 — Adrenahne and nor-adrenalme are related 
to the ammo-acid tyrosine as shown by the formulae below 
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Nor-adrenahne 


Injected adrenahne rapidly disappears from the blood , it is partly 
destroyed by the enzyme amine oxidase which is present both m blood and m 
tissues 

Functions of the Adrenal Medulla — So far we have discussed the 
action of adrenahne from the pharmacological standpoint, as we would have 
considered that of any other drug We must now consider a totally different 
question 'What does the adrenal medulla do in the body ? The methods of 
study employed will first be described 

(1) Histological — When the adrenal is fixed with osmic acid, black 
granules can be seen m the medulla, which represent the adrenahne store of 
the gland The changes produced in the adrenahne content under various 
conditions can thus be studied It is found, for example, that exposure of a 
small animal to cold causes the granules to disappear , this observation 
suggests that cold stimulates the gland to secrete adrenahne to the point of 
exhaustion 

(2) Denervated Heart 2 — This preparation is sensitive to adrenahne in 
minute concentrations, e g as low as 2 5 X 10* 9 If any change m the state of 
such an animal produces cardiac acceleration it can be attributed either to 
adrenahne secreted by the medulla or to sympathetic transmitter which has 
diffused into the general circulation If the acceleration is abolished by 
section of the nerves to the adrenals it must have been previously due to 
adrenaline secretion by the gland 

(3) Cross Circulation Experiments (Fig 461) — The venous blood 

j Blaschko, in The Hormones (ed Pmcus and Thimann), N Y , 1950, 2, 601 

- The stellate and other ganglia supplying sympathetic fibres to the heart are extirpated 
and the cardiac fibres of the vagus are cut 
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from the adrenal of a dog (B) is drained into the circulation of an adrenal- 
ectomized dog (C), which serves as the test preparation The blood pressure 
and volume of an organ ( e g spleen or intestine) in C are recorded A rise 
of pressure and constriction of the spleen or intestine of C are taken to 
indicate increased secretion of adrenaline in B , a fall of blood pressure and 
dilatation of the viscera of C indicate inhibition of adrenaline secretion m B 
By these means it has been shown, for example, that a fall of blood pressure 
in B stimulates adrenaline secretion, while a rise of blood pressure inhibits 



Fio 461 — Diagram to illustrate Cross Circulation Technique 
(Tournade and Heymans ) 

Animal A (not drawn) perfuses the Isolated carotid sinus region of B , a brings 
blood from the carotid artery of A and b leads the blood back to tho jugular 
vein of A Tho carotid sinus of B Is excluded from tho circulation but Is 
connected by means of its afferent nerve with the medulla Blood Is drained 
from the adrenal vein of B Into the Jugular vein of the adrcnalectomlzed 
animal C The blood pressure of B and C are recorded from the femoral 
artery The volume changes of the spleen of C are recorded by means of a 
plethysmograph connected with a tambour 

secretion Rigid proof can also be obtained m this manner that the splanch- 
nics are the secretory nerves to the adrenal medulla (Fig 462) 

Nervous Control of Adrenaline Secretion — The splanchnic fibres 
which end m the adrenal medulla are preganglionic , they end directly 
round the medullary cells themselves As might be expected, the chemical 
transmitter between these preganglionic fibres and the adrenal cells is acetyl- 
choline ( i e as m autonomic ganglia generally) (cf p 523) When the periph- 
eral end of the splanchnic nerve is stimulated, adrenaline is secreted , this 
can be demonstrated by leading the blood from the adrenal vein mto another 
animal (the recipient), where it produces a rise of blood pressure and 
vasoconstriction (Fig 462) There is probably a centre in the brain 
stem which exercises a higher control The activity of this centre may 
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be modified by afferent impulses, especially along the sinus and aortic 
nerves The secretion of adrenaline ceases after bilateral splanchnic nerve 
section 

Regulation of Adrenaline Secretion —Continuous Secretion — It has 
hitherto been generally accepted that adrenaline is not secreted under 
resting conditions The following experiments are offered m support of 
the contrary view Adrenalectomy m the dog causeB the blood pressure 
to fall and the rate of the denervated heart to decrease (m acute 
experiments) It is possible to dram the blood from the adrenal of 
another animal — the donor B — into the jugular vein of the adrenalectomized 
recipient C The entrance of 
the adrenal blood from the 
resting animal (B) causes the 
blood pressure and heart rate 
m C to rise and the spleen 
volume to decrease (indicative 
of arteriolar constriction) , if 
the venous inflow from B is 
arrested the blood pressure m 
C falls and the spleen volume 
increases (Big 463) These 
observations suggest that a 
resting secretion of adrena- 
line takes place m B It can 
be fairly argued, however, 
that animal B can hardly be 
compared with a normal intact 
animal m view of the com- 
plicated operative procedure 
to which it has of necessity 
been subjected, the question 
of continuous secretion under 
normal resting conditions is 
still undecided 

Adrenaline Secretion 
during Conditions of 
Stress — By the various 
methods described above it 
can be shown that adrenaline secretion is stimulated by ( 1 ) physical exertion and 
cei lam emotional states, (n) exposure to cold, (in) fall of artei ml blood pressure, (iv) 
asphyxia and cerebral anosmia, (v) anaesthesia, (vi) stimulation of ajfei ent nerves, 
(vu) hypoglyccemia (p 915) The adrenaline thus poured out acts mainly on 
various sympathetically innervated structures and enables the body to deal 
more adequately with the state of emergency 1 It also causes a secretion 
of adrenal corticoids which are thought to be of value in the general response 
to stress (p 947) As the adrenal cortex is not innervated by the sympathetic, 
adrenaline in this instance is producing effects which cannot be directly 
brought about by the sympathetic 

1 A sudden nse of arterial pressure m the “ resting ” experimental animal refiexlv 
decreases adrenaline secretion J 



The records from above downwards are Blood pressure of 
donor B, blood pressure of adrenalectomized recipient 6, 
intestinal volume of recipient C 
During the period marked by the signal hue the splanchnic 
nerve in B is stimulated There is the usual rise of 
blood pressure in B Adrenaline is secreted and enters 
the circulation of C and produces there a rise of blood 
pressure and constriction of the intestinal a easels 
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The value to the organism of the adrenaline secreted in these states 
should not be overrated The sympathetic acts by releasing adrenaline or a 
similar substance at its postganglionic ends , as might be anticipated, most 
of the peripheral effect produced by adrenaline can be produced just as readily 
and effectively by stimulation of sympathetic nerves The absence of adrena- 
line secretion in the otherwise intact animal in no way impairs its abihty to 
withstand states of stress Secreted adrenaline has the disadvantage of 
acting on all sympathetically innervated structures simultaneously , the 
sympathetic innervation, on the contrary can be “ fractionated,” % e certain 
organs may be affected and not others, or different organs may even be acted 

upon in different directions As 
sympathetic nervous activity is 
generally accompanied by 

adrenaline secretion, the latter 
remforces what is already 
happening , it acts like the loud 
pedal on the piano Finally it 
must be emphasized that all 
emotional states are not 

necessarily accompanied by 

sympatho - adrenal overaction , 
m some of these states the 
parasympathetic is overactive 

(p 662) 

Some of the conditions m 
which adrenahne is secreted are 
discussed more fully below It is 
probable that the whole adrenal, 
cortex as well as medulla, is con- 
Fro 403 — Continuous Secretion of Adrenaline cerned m the response to 

(Tournade) “stress,” u sing the term to 



The animals B (donor) nnd C (recipient) are connected 
up like animals B nnd C In Fig 401 
The records from nbovo downw ards nro blood pressuro 
of donor B, blood pressuro of adrcnnlectomlzcd 


include a wide range of conditions 
which tend to harm the organism 
(p 94:7) The secretion of adrenal 


recipient c, and splenic \oiumc of c corticoids in these states has been 

Between tho points marked by the arrows the annsto , 

mosis between the adrenal vein of b and tho jugular established by many experimental 
vein of C wots temporarily closed As no adrenaline 
entered tho circulation of C the blood pressuro vccminjueo 

fell and tho splenic volume increased (evidence of PHYSICAL AND EMOTIONAL 

vasodilatation) Stress — The presence of a bark- 

ing dog may increase the rate of the cat’s denervated heart by about 20 beats 
per minute , if the animal becomes intensely excited and displays vigorous 
movement, the increase may be 30-80 beats per minute After an exposure of 
one minute’s duration to a barking dog, the cardiac acceleration may persist for 
as long as 20 minutes (see Fig 464) Even slight movements, not associated 
with emotional disturbance, or the act of walking, may cause an acceleration 


of 5-20 beats per minute If the experiments are repeated after denervation 
of the adrenals, the variations m pulse rate obtained are about 5 per minute 
The above observations illustrate that even trivial activity is accompanied by 
secretion of adrenaline, and that once secretion is set up it may long outlast 
the stimulus that gave rise to it The adrenaline thus poured out may be 
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presumed to perform the following functions ( 1 ) aid the redistribution 
of blood m the body to the active muscles , (n) increase the force and rate of 
the heart and the coronary blood flow, and thus enable the heart to cope 
better with the larger venous return , (m) mobilize liver glycogen and provide 
glucose for the active tissues , (iv) dimmish fatigue m skeletal muscle (p 521) , 
(v) m some species (but probably not m man) increase the oxygen-carrying 
power of the blood by discharging the red cells stored m the spleen , (vi) 
relaxation of the bronchi (facilitating ventilation of the alveoli), dilation of 
the pupil, and closure of the sphincters, may be other effects of value to the 
organism But as already explained the response to such states of stress is 
little impaired m animals after exclusion of the adrenal medulla and even 
after complete sympathectomy 



Time m Minutes 


Fig 46t Adrenaline Secretion as i Result of Emotion (Cannon and Britton, Atner J 

Physiol , 1927 ) 

Dfincrvated heart preparation Cat excited by barking dog for 2 minutes, then removed from cage and 
0I \w < l U8Wo , n ,i adrenals inactivated by denervation, there was only a Blight increase 

Whlc *i Ta P idl ? ^sided With active adrenals there was a faster heart rate, which 
persisted for over 20 minutes though the cat was excited for only 1 minute 

Exposure to Cold (cf p 480) — When a cat is exposed to a current 
ot cold air or if cold water is introduced into the stomach, the rate of 
the denervated heart increases by 10-33% , if the experiment is repeated 
atter inactivation of the adrenals the rate diminishes because of the direct 
ettect ot cold on the heart Clearly, adrenaline is secreted under the circum- 
stances ot the experiment and helps to maintain body temperature , it 
presumably stimulates cellular metabolism and "increases heat formation con- 
stricts the skm vessels and so diminishes heat loss, and mobilizes liver glycogen 
in eaer SY Adrenaline secretion is the primary delicate reaction 

o cold , shivering is the second grosser compensatory mechanism Cannon 

secmhnn L f ™ m 3 t5le staud P<> int of temperature regulation, adrenaline 

secretion is a fine adjustment, shivering a “ coarse ” adjustment 1 

c \o eo£ 8°0o/^We S nSP Ve 1136 t0 & mteDSe 1DCrease of the metabolism, 
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Adrenal and Blood Pressure Regulation — Adrenaline secretion is 
adjusted to assist in steadily maintaining the normal resting blood pressure 
Thus, if the blood pressure is lowered by hremorrhage or by stimulation 
of the peripheral end of the vagus, adrenaline secretion is increased , if 
the blood pressure is raised (for example, by injection of a large volume of 
blood) the secretion is arrested Even very slight changes in the blood 
pressure may appropriately modify the rate of adrenaline secretion 

The secretion of adrenaline to help stabihze the blood pressure is reflexly 

regulated by the aortic and smus nerves , 
neither the adrenal glands nor the bulbar 
centres controlhng them are acted on directly 
by the level of the blood pressure 

At rest, the aortic and smus nerves exert, 
m the mam, a tome inhibitory influence over 
adrenal activity , division of the smo-aortic 
nerves results in increased adrenahne secretion 
Adrenal Medulla Tumour (Phaeo- 
chromocytoma) 1 — In this disease there is 
tumour growth of the cells of the adrenal 
medulla, which from time to time secrete large 
doses of “ adrenahne ” 2 The changes produced 
in an attack are m the mam those that might 
be expected from the known actions of 
adrenahne There is severe palpitation “ as 
though the heart would burst through the 
ribs ” , the pulse rate is rapid, eg 120 per 
minute, there is intense cutaneous vasocon- 
striction , the hands and face are cold and 
pale (sometimes blue) , there may be profuse 
and drenching sweating, the blood pressure 
may rise up to 300 mm Hg systolic and 
200 mm Hg diastohe (“hypertensive crisis”) 
The pupils are widely dilated and do not react 
to light The breathing (unexpectedly) becomes 
deep and rapid and there may be headache, 
nausea, vomiting and considerable tremulous- 
ness As the attack passes off flushing sets 
in and the blood pressure falls — to normal in 
early cases, but not m chrome ones In the 
latter, progressive structural changes develop m 
the blood vessels especially those m the kidney 
(ultimately producing renal failure) and in the retina , the changes resemble 
those found in malignant hypertension (p 354) Systemic venous blood collected 
during such an attack has been shown (by perfusion and other methods) to 
contain an adi enalme-hke substance In the case illustrated by Eig 465 
removal of the tumour restored the blood pressure to normal and the adrenahne 
disappeared from the blood 1 

These tumours may contain both adrenahne and nor-adrenahne in large 

1 W ilkin s et al , Arch int Med , 1950, S6 , 51 Calkins etal ,J elm Endocrm , 1 950, 10 , 1 

2 “ Adrenaline ”=adrenaline4-nor-adrenaline m varying proportions 
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G 4G5 — Adrenaline m the Blood 
m Adrenal Medulla Tumour 
(Phmocliromocytoma) 
(Prinzmetal etal , Ann Surg , 
1937, 16 ) 

Plasma was collected during an attack 
of hypertension in which the blood 
pressuro was 300 ram sjstohc and 
100 mm diastohe It was perfused 
through tiio blood vessels of a 
rabbits ear during the period 
marked by the thickened line on the 
tracing, and the perfusion pressuro 
(along the ordinate) recorded in cm 
H 2 0 A rise of perfusion pressure 
indicates vasoconstriction Note 
the marked constriction that was 
obtained on cacti occasion , re 
luxation occurred when plasma from 
a normal control subject was 
substituted The constrictor effect 
was abolished by ergotamine (as is 
the case with adrenaline) Following 
removal of the tumour the blood 
pressure fell to 130/90 and the 
plasma gave negative results The 
tumour contained adrenaline 
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amounts, but the ratio between the two substances vanes widely Adrenaline 
and nor-adrenahne are excreted in corresponding proportions in the unne 1 


RESPIRATORY CENTRE 
VASOMOTOR CENTRE 
CARDIAC CENTRE 
ADRENAL CENTRE 


SINUS 

NERVE 


CAROTID 

BODY\ 


-VAGUS 


AORTIC 

NERVE 


CAROTID 
SINUS - 


VISCERAL AFFERENT NEURONES 2 

The topics to be considered cover a wider field than is indicated by the 
title of the section They include 

(1) Physiology of the vascular pressure-receptors and chemoreceptors 

(n) Cutaneous hyperalgesia 

(m) Referred pain, tenderness and 

rigidity from deep somatic structures 

(iv) Pam of cardiac ischsemia , 
mechanism of ischasmic pain 

(v) Sensibility of pleura, pencardium 
and peritoneum 

(vi) Sensibility of abdominal viscera 

The visceral afferents are chiefly 

medullated fibres of varying size with an 
admixture of unmyelinated fibres, all of 
which have their cell bodies in the dorsal 
root gangha or their cramal homologues 

Afferent Nerves from the Aorta, 

Great Veins, and Heart — (1) Aortic 
(“ Depressor ”) Nerve — Some fibres arise 
m the adventitia of the arch of the 
aorta (and the beginning of its mam 
branches) m sensory endings which 
resemble those found in the carotid 
sinus (p 737) , some fibres may also 
come from the wall of the_left -ventricle 
The aortic fibres reach the medulla 
oblongata mainly in the vagus trunk 
The receptors m the aortic wall are 
sensitive to changes m the blood pressure, 
and send up impulses which reflexly 
regulate blood pressure, heart rate and 
rhythm, adrenahne secretion, and pul- 
monary ventilation (p 738) Other fibres 
arise in the aortic body which lies near 
the aortic arch, it resembles the carotid 
body m structure and likewise functions 
as a chemoreccptor (p 738), (Fig 466) 

(2) Afferents from Great Veins — 

Afferents arise from the roots of the 

1 Engel and Euler, Lancet, u, 1950, 387 

Hurst, Senstbtltly of Alimentary Canal, London, 1911 Mackenzie, Symptoms and 
lAetr Interpretation, 4th edn , London, 1920 Ranson, Physiol Bev , 1921, 1, 477 Morlev, 
Abdominal Pain, Edinburgh, 1931 Capps, Clinical Study of Pam, New York, 1932 
Schweitzer, Irradiation Autonomer Bejlexe, Basle, 1937 Lewis, Pam, New York, 1942 
isj mposium on Pam, Bes Publ Assoc nerv ment Bis , 1942, 23 
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466 — Afferent Nerves of Cardio 
vascular System 


SVC.IVC =superior and inferior vena cava 
Note the afferent fibres a rising from the carotid 
sinus and carotid body, the aortic arch, 
aortic body, and superior and inferior venso 
cavae 
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superior and inferior vence cavse and pulmonary veins (Fig 167) (and perhaps 
from the right auricle), and pass in the vagus nerve to the medulla These 
fibres reflexly adjust the rate of the heart to variations m the venous return 
(p 272) , they also reflexly affect respiration (p 104) 

(3) Aff events from the Heait — Large afferent medullated fibres pass from 
the heart in the middle and inferior cervical branches of the sympathetic 
to the corresponding ganglia and thence to the upper two thoracic ganglia , 
other fibres go direct to the upper thoracic ganglia The afferents then travel 



Fig 4G7 — Distribution of Afferent 

(receptor) areas on Venous side of 
Circulation (Nonidcz, Amur J 
Amt , 1937, 61 ) 

Posterior surface of heart show ing (stippled areas) 
extent of receptor areas on terminal portions 
of superior vena cava (SVC), inferior vena 
cava (I V C ) and pulmonary veins ( p ) No 
receptors are found in the auricles themselve a 


Fxa 4G8 — Afferent Nerve Supply of the Heart 

SCO, MCG, ICQ = Superior, middle, and Inferior 
ganglia of cervical sympathetic, C Br = communicat- 
ing branch between rami from 1st and 2nd thoracic 
ganglia , 1st, 2nd, 3rd, 4th Th = white rami from tho 
racic sj mpathetic ganglia to corresponding spinal 
nerves to enter dorsal nerve roots (SPIt), Sup 
Card, Middle Card, Inf Cord —Superior, middle, 
and Inferior cardiac branches of the cervical sympa 
thetlc 


m the white rami to join the upper four (or more) thoracic dorsal nerve 
roots, and thus enter the spmal cord (Fig 468) These afferents subserve 
pmn sensibility The referred pam m angina pectoris (p 750) and coronary 
disease is felt in the arm and chest, chiefly m the distribution of the eighth 
cervical to the fourth thoracic dorsal roots According to Lenehe, the 
anginal syndrome may be reproduced in man by stimulation of the stellate 
ganglion , further, injection of procaine into the gangbon may arrest a 
spontaneous attack of angina 

Carotid Sinus 1 — The carotid sinus is a dilatation normally present at 
the bifurcation of the common carotid artery , m man it is usually restricted 

1 Heymans, Bouckaert, and Regruers, Le Stmts Carotidien, 2nd edn , Pans, 1933 
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to the first part of the internal carotid (Figs 469, 470) Lying in the wall of 
the sinus between the white fibres of the adventitia are characteristic sensory 
nerve endings (Fig 471) They have the typical structure of stretch receptors 
and resemble those found in the aortic arch and in tendons Like the aortic 
endings, the sinus endings respond to alterations m the level of the blood 
pressure The afferent fibres from the sinus pass mainly m the glossopharyn- 
geal nerve to the medulla 



Fig 469 — Anatomy of Caro 
tid Sinus (De Castro, 
Trav Lab Jtcch Biol , 
1928 ) 

Bifurcation of common carotid 
artery, showing carotid sinus as 
dilatation on origin of internal 
carotid artery + position of 
sensory nerve endings o > 
regions rarely or slightly Inner 
vated 


Fig 470 — Section through Carotid 

Sinus Region (De Castro, Trav 
Lab Bech Biol , 1928 ) 

Longitudinal Beetion of bifurcation of common 
carotid artery Note the carotid sinus — 
the dilatation at the commencement of the 
internal carotid artery Points marked + 
are regions of maximum sensory innerva 
tion The sensory nerve endings can be seen 
to He deep in the adventitia At points 
marked 0 nerve endings are rarely present 



Fig 471 — Sensory Nerve endings in Carotid Sinus (De Castro, Trav Lab Beck 

Biol , 1928 ) 

Sensory terminals (b, c )lie between white fibres (a) of adventitia 
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CAROTID AND AORTIC BODIES 


Carotid and Aortic Bodies 1 — The carotid body lies at the carotid 



bifurcation near the carotid 
smus , the aortic body 
lies 1 in the thorax between 
the pulmonary artery and 
the ascending aorta (Fig 
466) Both bodies are 
richly supplied with blood 
from special arteries , the 
structure and functions 
of both are identical They 
function as chemoreceylors 
sampling changes' - m the 
chemical composition of 
the blood They are affected 
by alterations m C0 2 and 
0 2 tension, H + ion concen- 
tration, and the presence of 
certain drugs like nicotine, 
acetylcholine, and cyanide 
The afferent impulses arising 
m these bodies reflexly 


Fxo 472 — Structure of Carotid Body (Do Castro, Trav 
Lab Rcch Biol , 1926 ) 

d — Medullatcd sensory fibres ending In Intimate relationship 
with the epithelial cells of the carotid body 


modify respiration mainly 
(p 745), and the circulation 
(vasomotor tone and heart 
rate) to a lesser degree 


The carotid body consists of masses 
of glandular-looking cells arranged m 
characteristic clumps (Fig 472) The 
nerve supply is very rich , there are 
numerous afferent filaments which 
lie close to the gland cells and 
the internal lining of the numerous 
vascular sinuses They axe thus well 
placed to detect alterations m the 
composition of the blood (Fig 473) 2 
Functions of Carotid and Aortic 
Sinuses — (1) Results of Stimulation 
of Aortic or Sinus Nerves — Stimulation 
of the central end of the aortic nerve 
(or the central end of the vagus nerve, 
which contains aortic fibres) usually 
reflexly slows and weakens the heart 
and lowers the blood pressure (Fig 47 4) 



47 3 — Innervation of Blood Vessels of 
Carotid Body (De Castro, Trav Lab 
Rech Biol , 1926 } 

rent nerve endings In the adventitia of a small 
Wood vessel in the carotid body 


1 De Castro, Trav Lab Rech Biol Inst Gajal, 1926, 24, 3 65 

2 The large peripheral arteries have numerous sensory endings (some unencapsulatea, 
others resembling end bulbs) in the adventitia, leading to medullated afferent fibres 
Perfusion experiments on the isolated innervated hmd hmb show that these endings do 
not react to pressure changes but respond when irritant solutions are employed , they 
probably subserve pain sensibility 
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STIMULATION OF AORTIC NERVE 

( I ) The slowing of the heart is mainly due to reflex stimulation of the 
vagus nucleus, increasing the discharge along the (efferent) vagal 
cardio-mhibitory fibres After bilateral vagal section or mjection of atropine, 
only slight reflex slowing is obtained (because of inhibition of sympathetic 
accelerator tone) The aortic reflex thus employs the antagomstic nerve 
supply of the heart synergistically to produce the desired effect, % e the 
vagal inhibitory fibres are stimulated and the sympathetic accelerator 
fibres are simultaneously depressed 

( II ) The fall of blood pressure is due (a) to decreased cardiac output, and 
(b) to inhibition of the normal tonic discharge of the vasomotor centre, leading 
to generalized vasodilatation and consequently to a decrease m peripheral 
resistance When the cardiac effects are excluded by vagal section or 
atropine, central stimulation of the aortic nerve still produces a fall of blood 
pressure (Fig 475), which is less marked because it is due solely to vaso- 
dilatation 1 The secretion of adrenaline may also be arrested (cf p 734) 



1 2 

I'lO 474 — Reflex Effects on Blood Pressure and Heart Rate produced by Stimulation 
of Central End of Aortic Nerve in the Dog (between points 1 and 2) 
(Schweitzer, Irradiation Anlonomer Reflexe, Basle, 1937 ) 

Note fall of blood pressure and extreme cardiac slowing Time in seconds (The Individual heart beats 
cannot bo Been during the control period owing to tho high heart rate ) 

The aortic reflex illustrates certain features of reflex inhibition m the 
autonomic system (particularly recruitment and after-discharge) 2 Increasing 
the frequency of stimulation applied to the central end of the vagus increases 
the rate and extent of the fall of blood pressure, and sometimes prolongs the 
duration of the recovery process (Fig 475) , similar effects are produced 
by increasing the strength of stimulation Prolongation of the dination of 
stimulation increases the extent of the fall of blood pressure (cf Fig 340) 
Sometimes central vagus or aortic nerve stimulation may produce a 
pressor response consisting of reflex cardiac acceleration, and vasoconstriction 
rom stimulation of the vasomotor centre , the blood pressure rises This 

pp Tnctlloc5s em P% ed for studying changes in the penpheral circulation, cf 

* Wright, J Physiol , 1928, 16, 387 
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experiment proves that there is an admixture of some pressor (excitatory 
afferent) fibres among the far more numerous depressor (inhibitory afferent) 
fibres in the aortic nerve (cf p 312) These pressor afferents come from 

chemoreceplor endings (and 
not from pressure-receptors) 
(P 746) 

Stimulation of the smus 
nerve produces results 
identical with those described 
above for the aortic nerve 
(2) Effects of Stimulating 
Nave Endings m Carotid 
Sinus — (l) The smus nerve 
endings m man can be stimu- 
lated by applying external 
digital pressure Such com- 
pression produces the expected 
reflex cardiac slowing, 
vasodilatation, and fall of 
blood pressure Very marked 
slowing may be obtained 
in arteriosclerotic subjects, probably because the sensory endings are pressed 
against the hardened media and so receive vigorous stimulation Sometimes 
complete cardiac arrest mayresult(and syncopal symptoms develop), orvanous 



Fia 


Cat 


Refle\ of 
(Wright, 


475 — Effect on Aortio Depressor 
Increasing Frequency of Stimulation 
J Physiol , I92S ) 

Decerebrate Eight vagus cut Stimulate left central 
vagus, stimuli are approximate!} of equal duration 1st, 
8 double shocks per second , 2nd, 2 d s p s , 3rd, 60 d s p s 
Time In 2 sec The slight fall of blood prcssuro ivhich 
precedes tho second stimulus Is due to slight pulling on the 
nerve during the adjustment of tho electrodes 



Fig 476 — Effects of Carotid Smus Compression on Human Heart (Ward and Wright ) 

Electrocardiographic records (Lead II ) in a man with marked thickening of the carotid arteries During 
the period between signalling on ” and off ’ the carotid sinus compressed (Upper record, 
leftside, loner record, right side i 

In the upper record, note transient complete heart block and slowing of the auricular naves (I) in 
the lower record, note marked prolongation of the P-E interval indicating impaired conduction 
in the bundle of His (Cf Figs 161, 162, pp 283 et Scq , illustrating clinical heart block ) 

grades of heart block may be produced (Fig 476) Attacks of paroxysmal 
tachycardia (p 290) may occasionally be arrested for a short time m this way 
In some patients the smus nerve endings may be so hyperexcitable that 
the slightest pressure on the skm arrests the heart and produces loss of 
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consciousness and epileptiform seizures 1 Denervation of the sinuses abolishes 

(u) The carotid sinus endings can be stimulated under comparatively 
physiological conditions m suitably planned perfusion experiments I he 
technique is as follows One cannula is introduced into the distal end oi the 
cut common carotid artery and another into the central end of the external 
carotid artery (or its lingual branch) The internal carotid artery is tied 
off beyond the carotid sinus, as are all branches arising between the points 
of insertion of the cannulse The nerve supply of the smus is preserved 



Fio 477 — Reflex Effects of Rise of Carotid Sinus Pressure on Circulation and Respiration 
(Hey mins and Bouckaert, J Physiol ) 

a -Record of respiration, B P = Blood pressure, S P — Pressure In Isolated Innervated carotid slnns 
Daring the period a b (indicated by arrows) the carotid sinus pressure was artificially raised Eesplra- 
tlon was rcflexly inhibited and the s5stemic blood pressure was reflexly lowered (Both vagus 
nerves had been cut ) 

The pressure in this carohd bifurcation preparation, or isolated carotid sinus 
preparation, as it is more usually called, can be varied by perfusing it from 
a pump or from the circulation of another animal If the latter technique 
is used the central end of the carotid artery of the donor (A) is connected 
with the distal end of the carotid of the recipient (B), and thus to the carotid 
smus region The blood is returned to A by anastomosing the second cannula 
m B with the central end of the jugular vein of A The effects of varying 
carotid smus pressure in B on various functions m the animal, e g heart rate, 
arteriolar tone, adrenaline secretion, respiration, action potentials in the smus 
nen e, skeletal muscle tone, and general visceral activity are carefully studied 
(3) Effects of Changes in Sinus Pressure — (i) A rise in. smus pressure 

1 Tho vagus nerve trunk in man (unlike the carotid sinus endings) is comparatively 
inoxcitablo to mechanical stimulation 
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produces reflexly (a) slowing of tlie heart, (6) widespread vasodilatation, 
and consequently (c) fall of blood pressure (Fig 477), ( d ) diminished adrenaline 
secretion, (e) depression or arrest of respiration, (/) diminished tone in skeletal 
muscle, (g) visceral changes, e g increased gastric tone and movement, and 
decreased bladder tone (Fig 478) resulting from the altered level of activity 
of the autonomic nerve supply of these organs 

(n) Study of the smus nerve action potentials shows that as the endo- 
sinusal pressure rises their frequency increases (Fig 479) As many more 



Fig 478 — Reflex Effects of Raising 
Carotid Sinus Pressure on Bladder, 
Stomach, and Blood Pressure 
(Schweitzer, PJlitg Arch , 1934, 235 ) 
Records from above downwards are urinary 
bladde- pressure (B1 ) , blood pressure 
(BP), movements of stomach (St ) 
signal, time In seconds At the signal 
the Isolated lnnen ated carotid sinus w as 
distended at a pressure of 230 mm Hg 
Noto reflex fall of blood pressure and 
cardiac slowing (greater excursions of 
mercury), diminution of bladder tone 
and Increase in gastric tone and move- 
ments 



Sinus Stimulated by steady Pres 
sure within the Smus (Bronk and 
Stella, Amor J Physiol, 1935, 
110 ) 

In A the sinus pressure is 40 mm Hg 

>i H ,i ii »> SO ,, ,, 

n 0 i, ,, ,, 140 ,, ,, 

ii D ,, ,, ,, 200 ,, ,, 

Note the increase In the frequency of the 
discharge as the pressure in the sinus 
is raised 

Time marker = 0 2 seconds 


impulses thus arrive at the bulbar centres per unit time, they should produce 
the same effects as increasing the frequency of artificial stimulation of the 
nerve, tea greater reflex depression of the circulation and greater alterations 
of other affected functions , such indeed is the result observed 

(m) When the pressure in the sinuses is artificially loivered the reverse 
effects are produced, i e cardiac acceleration, increased cardiac excitabibty 
and development of irregularities due to extra-systoles, vasoconstriction, 
rise of blood pressure, increase in rate and depth of respiration, increased 
adrenaline secretion and changes m gastro-intestinal tone and movements 
The action potentials dimmi sh m frequency It should be emphasized that 
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all the physiological effects described are due to removal of the tome inhibitory 

afferent impulses m the sinus nerves , 

(iv) Occlusion of the common carotid arteries m the intact animal produces 
similar results (Fig 480, A) These are not due to the associated cerebral 
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Fxo 480 — Reflex Effects of Occlusion of Common Carotid Arteries on Blood Pressure 
Heart Rate, and Respiration (Carotid Sinus Reflexes) (Heymans and Bouckaert 
J Physiol , 1931 ) 

Experiment on dog chloralose Aortic nerves cut 

Records from above downwards Time in 3 seconds , R respiration (inspiration=upstroke) , figures 
below record denote rate of breathing per minute , B P arterial blood pressure 
A Between a and b occlude common carotid arteries fall of pressure m carotid sinuses produces increase 
In rate and depth of respiration, rise of arterial blood pressure, and increase in heart rate At b, release 
arteries sudden distension of carotid sinuses reflexly causes temporary inhibition of breathing, 
slowing of heart, and fall of blood pressure 

Both carotid sinus nerves cut between A and B Blood pressure rises from 190 to 280 mm Hg, and 
heart accelerates , breathing increases m rate and depth 
B Between e and d repeat occlusion of common carotid arteries no change In respiration or heart rate , 
slight mechanical increase of blood pressure At d release arteries slight mechanical fall of blood 
pressure 

antenna If the arteries are occluded following section of the smus nerves, the 
changes produced are negligible (Fig 480, B) 1 

1 Wlieu the blood flow through the carotid body is reduced the chemorectpiors are 
stimulated, reflexly raising blood pressure , this factor contributes to the rise of blood 
pressure produced by lowered carotid smus pressure or carotid occlusion (p 746) 
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The high degree of sensitivity of the carotid sinus nerve endings to small 
internal pressure changes is discussed on pp 273, 312 

(4) Effects of Section of Sino-Aortic Nerves — (i) Heart Rate — Section of 
the sinus or aortic nerves alone usually results m cardiac acceleration This 
proves that normally they exert a tome afferent inhibitory influence on the 
resting heart rate , ~m terms of the mam part of the cardiac centre this means 
that these afferent nerves reflexly, tonically stimulate the cardio-mhibitory 
centre and increase the discharge of impulses along the vagi to the heart 
All four vaso-sensory nerves may be removed simultaneously m acute 
experiments, or by means of a tv\o-stage operation in animals that are 
allowed to survive, so that the chronic effects can be observed The heart 
accelerates to the same degree as if the vagi had been divided , subsequent 
section of the vagi produces no further acceleration These experiments 



Fia 481 — Chroma Hypertension in the Rabbit following Division of the Sino aortic 
Nerves (Kromer, Scarff, and Wright, Brit J exp Path , 1933 ) 


A— Normal range of blood pressure in rabbit (mean 00 mm Hg) 

B — Range of BP after division of slno aortic nerves on one side (mean 110 mm Hg) 

C — Bangs of B P after division of slno aortic nerves on both aides (mean 16S mm Hg) 


prove that resting vagus tone is wholly reflex in origin and depends on afferent 
i mp ulses along the” sinus a nd ao r tic 'n erves (cf p 270) 

In these “ deafferented ” animals marked cardiac irregularity may be 
present, usually consisting of runs of extra-systoles arising from the right 
or the left ventricle, or from both In acute experiments fatal ventricular 
fibrillation or pulmonary oedema often develops The irregularity is abolished 
by Bection of the cardiac sympathetics or their paralysis with ergotamme, 
the cardiac irregularity is thus due to overactivity of the sympathetic inner- 
vation of the heart These results indicate that the sino-aortic .jaerves 
normally exert a tome (afferent) inhibitory, effect on the cardiac sympathetic 
and „thus_ help to maintain the normal cardiac rhythm 

(u) Blood Pressure — liboth smo -aortic .nerves are .cut m an acute experi- 
ment the blond p.rgssure^ rises^mark edly, owing t o increased va socon striction 
resulting Iromtileage of the- vasomot or centre from tonic inhibitory, impulses, 
and greater adrenaline secretion If the nerves are removed_ in two stages 
(separated by several weeks’ Interval) the animals may survive for long periods 
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and develop persistent hypertension Experiments along these lines have 
been performed successfully m the rabbit, cat, dog, and monkey, and with 
similar results In the rabbit, for example, the average normal blood pressure 
is 90 mm Hg , after section of one pair of afferent nerves it is 110 mm Hg, 
and after bilateral denervation, 155 mm Hg (Fig 481) The blood pressure 
tends to fluctuate spontaneously far more widely than m intact animals 


(cf p 345) 

Role of Chemoreceptors (Carotid and Aortic Bodies) 1 — (1) Carotid 
Body — Using the perfusion technique already described it can be shown that 
varying the chemical composition of the blood or other fluid flowing through 

the region of the carotid — - 

bifurcation reflexly affects J 

respiration, heart rate, and WVmWl fllM 

blood pressure RESP A * 

contains 6 X 06 ^ 00 ^^^ WtWdfl lift 

raised H + ion concentra- RESP B ™ 

lion, or is deficientm oxygen, 

the principal effect is that . 

respiration is reflexly | 4 

stimulated The reflex I qS 

stimulating action of excess £ 60 f 

CO, is well shown m Fig ^ CO 2 * A 

482 The frequency of " 

the action potentials m the 1, , , , , , . ■ ■ ■ ■ i 

chemoreceptor fibres of the FiG 482 —Reflex Stimulation of Breathing by C0 3 
carotid sinus nerve trunk, via Chemoreceptors m Carotid body (Gayet, 

simultaneously rises inch- Bennati, and Quivy, Arch mternat Pharma- 

, , i , J codvn , 1935, 50 ) 

eating that more nerve y ’ ' 

Records from two dogB, prepared according to technique 

impulses are being sent up Illustrated in Fig 401 , t e carotid bifurcation of B is 


Fig 482 — Reflex Stimulation of Breathing by C0 3 
via Chemoreceptors m Carotid body (Gayet, 
Bennati, and Quivy, Arch mternat Pharma- 
codyn , 1935, 50 ) 

Records from two dogB, prepared according to technique 
Illustrated in Pig 461, i e carotid bifurcation of B is 


to the respiratory centre 
Commonly there are also 
reflex effects on the circu- 
lation, e g acceleration of 
the heart and a rise of 


perfused with blood from carotid artery of A RecordB 
from above downwards are respiration in A (donor) , 
respiration in B (perfused from A) , blood pressure in B , 
signal , time in 10 sec 

Between the arrows the donor (A) inhaled a CO, rich 
mixture Note stimulation of breathing in A and reflex 
stimulation of breathing in B 


blood pressure (cf p 746) Conversely, if the perfusmg fluid is deficient 
in C0 2 or is too alkaline, both respiration and circulation are reflexly 
depressed 

(u) Certain drugs of physiological interest may produce reflex stimulation 
of breathing Fig 483 shows a striking increase of respiration produced 
reflexly by the action of acetylcholine on the chemoreceptors m the carotid 
body Cyanide (which may act by inducing local anoxia of the nerve endings) 
and nicotine act similarly 

(m) Localization of Carotid Chemoreceptors — The chemoreceptors are 
situated in the carotid body In several species the carotid body receives 
its blood supply from the occipital artery , if this vessel is tied the carotid 
sinus and its innervation is left intact, but no blood can reach the carotid 
body or act on its sensory endings If the carotid bifurcation is now artificially 

1 p\ mp °iT’ Acla P ]njs,o] scand > 1951 > 22 > 4-82 Schweitzer and Wnght, Quart J 
exp Jrhysxol t 193S, 2S t 33 
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perfused it responds normally to changes of mternal pressure {ie presso- 
receptors intact), but no reactions are obtained when the chemical composition 
of the blood is altered ( i e chemoreceptors not functioning) 

(2) Aortic Chemoreceptors —The role of the aortic chemoreceptors can 
be demonstrated by more elaborate procedures An animal is prepared as 
described in the legend to Fig 484 If the trunk is asphyxiated (Fig 484) 
or is subjected to C0 2 excess or oxygen lack, or if acid is injected intra- 
venously into it, breathing m the head is reflexly stimulated , if the trunk is 
overventilated (to wash out C0 2 ), or if alkali is injected, the breathing m 
the head is rejlexly decreased or even stopped It must be remembered that 

m these experiments the composition of the 
blood supply to the respiratory centre has 
not been altered at all The responses des- 
cribed are not abolished by section of the 
pulmonary fibres of the vagus , the sensory 
endings are in the aortic body 

(3) Stimulation of the aortic or carotid 
chemoreceptors by oxygen lack causes 
powerful reflex stimulation of the vasomotor 
centre which contributes largely to the rise 
of blood pressure caused by anoxia (p 310) 
The chemoreceptors are also stimulated 
when the blood flow through them is reduced 1 
In haemorrhage, the blood pressure tends to 
fall, reducing the tome inhibitory influence of 
the smo-aortic nerves on the vasomotor centre 
In addition, owing to the decreased cardiac 
output (and possibly because of constriction 
of the blood vessels to the carotid and aortic 
bodies) (Neil) the blood flow to the chemo- 
receptors is reduced with resulting increase m 
their activity , the afferent impulses set up 
reflexly stimulate the vasomotor centre The 
vasomotor centre is thus (l) released from 
tonic afferent inhibition , (n) reflexly stimu- 
lated , general vasoconstriction results which 
helps to maintain or restore the blood pressure 
after heemorrhage (p 82) When the carotids 
are occluded asphyxia of the carotid body 
results The chemoreceptor discharge is 
increased and contributes to the reflex rise 



Fio 483 — Reflex Effects of Acetyl 
choline on Respiration (Hey- 
mans and Bouckaert, Ergeb 
Physiol , 1939, 41 ) 

The carotid sinuses of the recipient dog B 
were perfused by the technique Ulus 
trated in Fig 4G1 by blood from a donor 
dog -A Itccords from abo\e down 
wards are respiration of B {recipient) 
blood pressure of B , blood pressuro of 
A (perfuser), time in 3 seconds At 
arrow, inject 0 1 mg acetylcholine into 
carotid artery of perfuser Note intense 
reflex stimulation of breathing and 
slowing of the heart in B 


of blood pressure which occurs (p 743) 

Afferent Nerves from the Lungs — The vagus nerve supplies afferent 
fibres to the larynx, respiratory passages, and the alveoli These fibres are 
protective, and also serve to regulate the rhythm of respiration (p 387) 
When the lungs are altered by disease (congestion, consolidation, or 
collapse) afferent impulses may be set up which reflexly stimulate 
breathing (pp 457, 458) 

Afferent impulses from the lungs themselves do not give rise to conscious 
1 Neil, Acta physiol scand , 1951, 22, 54 




CUTANEOUS HYPERALGESIA T47 

sensations Extensive pulmonary disease winch does not involve the parietal 
pleura may he wholly painless 



Fig 484 — Reflex Stimulation of Respiratory Centre from Aortic Chemoreceptors 


B™ Blood pressure of trunk , E=Kcapiratory record of head The head is Isolated from 
the trunk and only the vagi are left connecting the two regions The head is kept 
alive by perfusion witb blood from another annnai The trunk Is kept alive By 
artificial res piration Between “ a and " b * the artificial respiration was stopped m the 
trunk of B Asphyxia of the trunk reflexly stimulates (via the vagi) the respiration 
m the head (Keyraans and Heymaus, Arch xnternat Pharmacodyn Therap , 1927 ) 


Cutaneous Hyperalgesia (Tenderness) 1 — The subject is discussed a 
this point because of the light it throws on the understanding of some of the 
phenomena of visceral disease A strong faradic current, of an intensity to 
produce almost unbearable pain, is applied to 
the skm (e g on the surface of the forearm) 
for 5 minutes , the current injures the skm, as 
shown by the appearance of a wheal (p 324) 

Subsequently the surrounding skm becomes 
sore or tender {cutaneous hyperalgesia) In the 
affected area, the sense of touch (to stimulation 
with cotton wool or Frey’s hairs) is unaffected 
or dimiuished, but a needle puck produces an 
intense, diffuse, long-lastmg pam , the skm is 
excessively sensitive to slight friction A certain 
degree of spontaneous burning, smarting, or 
itching may be present This cutaneous 
hyperalgesia increases in mtensity, reaching its 
maximum in about 20-30 mmutes , it also 
spreads progressively up and down the arm and 
mayultimately involve an areaof some20 square 
inches The tenderness persists for hours, or even 
for as long as a day or more, and gradually 
disappears The degree and extent of the 
hypeialgesia vary considerably m different 
individuals Similar results are obtained if the She 485 — Possible Neural 
skm is injured by other procedures, e g freezing ;Bas)B of Cutaneous Hyper- 
or pinching D algesia 

Analyas shows that the following mechanism SS, 

is involved (Fig 485) When the skm is injured iar £ e dotted circle area of 
chemical agents are released which stimulate the cutoneous hyperalgesia 
local nociceptive (pain) endings , impulses consequently pass up along afferent 
nerves (A) to the central nervous system and give nse to the initial sensation 
1 Lewis, Chn Sci , 1930, 2, 373 , 1937, 3, 59 
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of localized pam It is known tliat the cutaneous afferent nerves branch in 
the skin to supply blood vessels m the vicinity , it is suggested that m 
addition other branches are given off which ramify over a considerable area, 
ending throughout m shin cells It is thought that when impulses along 
these filaments reach the slan cells they release some stable (and unidentified) 
chemical product which modifies the behaviour of the local cutaneous nerve 
endings, e g those connected with B', B", B'", so giving rise to the abnormal 
state of skin sensibility already described We seem to be deahng with the 
neural transmission of a chemical disturbance (the converse of the humoral 
transmission of a nervous disturbance (p 508)) , i e a chemical change set 
up in a discrete area of slan by an injury sets up nervous impulses which m 
their turn produce a long lasting chemical disturbance in a related wide skin 
area In this latter zone the local pam nerves “ register ” a skin condition 
which is not directly produced by local external stimulation The mechanism 
described resembles the axon reflex which is responsible for the “ flare ” m 



FlO 486 — Areas of Cutaneous Tenderness Following Injection of 6% Sabne into (A) left 
first Lumbar, and (B) left ninth Thoraoio Interspmous Ligamont (Lewis and 
Kellgren, Clin Sc i , 1939, 4, 48 ) 

injured Bkm because the hyperalgesia too depends on the branching of nerve 
fibres The wider significance of these results is considered on p 759 

Referred Pain, Tenderness, and Rigidity evoked from Deep 
Somatic Structures 1 — If hypertonic sabne (6%) is injected into an inter- 
spmous ligament, pam is set up, which is referred to the peripheral distribution 
of the corresponding segmental nerve The pam is described as a continuous 
ache, lasting for minutes, which is felt deeply m the referred zone , it is accom- 
panied by tenderness and muscular rigidity 
Three striking observations may be quoted 

(1) The first lumbar interspmous ligament is injected The pam is felt in 
the loin, inguinal, and scrotal region , it may last for minutes and be accom- 
panied by retraction and tenderness of the testis and localized rigidity and 
deep tenderness m the lowest part of the abdominal wall The distribution 
of the cutaneous tenderness is shown in Fig 486 , it does not correspond 
exactly in area with the deep tenderness The symptoms and signs produced 
resemble very closely those of renal colic which are set up when a stone is 
passing down the ureter (p 763, footnote 1) 

(2) The eighth cervical interspmous kgament is injected The distribution 
of the resulting pam is shown m Fig 487 The pam is accompanied by a 
sense of constriction in the upper part of the chest on the affected side If 
the ligament on the left side is injected m patients who suffer from angina 
of effort (p 752), the pam experienced is affirmed by them to be identical 

i Kellgren, Clin Sci , 1939, 4, 36 Lewis and Kellgren, ibid 47 
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m character with that experienced during 
what m distribution The “ injection pam 
the anginal pain is felt mainly (though by 
of the chest 


an attack, though it differs sonae- 
” is felt mainly m the back, while 
no means invariably) in the front 




Fig 487 — Distribution of Pam following Injection of 6% Saline into Interspmous 
Ligaments of Co, C6, C7, C8, and T1 (Kellgren, Chn So , 1939, 4, 37 ) 

Each chart shovrs results in thrco subjects (vertical hatching, horizontal hatching, and stippling) 

(3) Injection of the third thoracic ligament m the middle line gives rise to 
bilateral pam over the sternum and a sense of constriction 

Fig 487 also shows the areas of referred pam resultmg from stimulation 
of the interspmous ligaments of C5, 6, 7, 8, and TI 

According to Lewis, stimulation by means of hypertonic saline of superficial 
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somatic structures, such as deep fascia, subcutaneous ligaments, tendon 
sheaths (e g tendo Achilles), or subcutaneous periosteum (e g over the tibia) 
gives rise to pam which is fairly accurately localized in the region affected 
Stimulation of deep somatic structures gives rise to referred pain 

Fig 488, which illustrates these points well, shows the effects of stimu- 
lating the various structures m the chest wall at the level of the sixth inter- 
costal space Stimulation of the deep fascia and periosteum gives rise to 
localized pain Stimulation of the deeper-lying muscles, on the other hand, 
gives rise to referred pain which is felt m the skin distribution of the segmental 
innervation of the muscles concerned Thus stimulation of the trapezius 
muscle gives rise to referred pam in the skin distribution of C3 and 4 and 
the accessory nerve 

Pain of Cardiac Ischaemia (Coronary Insufficiency) — Angina 
Pectoris — Severe pain of cardiac origin is usually (and probably invariably) 


B 


Fig 488 — Referred Somatic Pam (Kellgren Clin Sci , 1939, 4 ) 

A Distribution oC pain arising from -various deep structures of the clicst wall at the 
level of tho sixth Intercostal space Pain produced b> local injection of 0% saline 
B Tissues which glvo riso to corresponding areas of pain 

Oblique hatching Intercostal space and erector spina) (TO) 

Stippling muscles attached to scapula (C5, 0) 

Horizontal hatching latlsslmus dorsi (CO, 7, 8) 

Vertical hatching trapezius (accessor} servo and C3, 4) 

Crosses tissues giving rise to local pain (not Bhown in A) 

the result of an inadequate blood flow ( ischcemia ) to the myocardium Thus, 
very violent and prolonged pam is set up when a branch of one of the coronary 
arteries is occluded as a result of thrombosis ( coronal y thrombosis, cf p 239), 

(1) The pam (so-called anginal pam) may persist for hours, or even days, 
is agonizing in character, but is not felt m the heai t It is characteristically 
referred to the sternum, the outer part of the left side of the chest (Thl, 2, 3), 
down the inside of the arm (Thl), up the neck to the angle of the jaws (C3, 4), 
and to both shoulders and back the pam may be referred to the epigastrium 
( sim ulating that of an abdominal catastrophe) and give rise to vomiting 
There is thus m this instance no local visceral pam (i e no pam felt m the viscus) 
but only a referred pam A striking feature of coronary thrombosis is the 
very wide area involved by the referred pam, wider than corresponds to the 
sensory segmental supply of the heart In other words, a form of sensory 
irradiation takes place to adjacent segments 

(2) Tenderness is present over these regions too 
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(3) There is a sense of constriction, as though the chest were gripped m a 
vice, or as if the sternum would break Mackenzie believed that owing to a 
viscero-motor reflex there is reflex spasm of the intercostal muscles, which 
prevents respiratory movements of the chest 

The effective stimulus to the nerve endings m the heart m this condition 
is not pressure, but (as shown below) the chemical products of ischaemia 

Mechanism op Isc he mic Pain 1 — Lewis studied the causation of pain 
which develops m a limb when the circulation is entirely occluded Exercise 
is carried out by performing a gripping movement with the hand at the rate 
of once per second Pam sets in after 30 seconds and is intolerable m 70 
seconds Though the pam is diffusely felt, it is most marked m the muscle e 
Various possible causes of the pam may be considered 

(l) It is not due to vascular spasm, because after occlusion the blood vessels 
of a limb lose their tone 

(n) The pam is not due to muscular tension, because it is contmuous and 
not accentuated during contraction 

(m) It is the result of activity because it is related to the amount of exercise 
which is performed 

(iv) The following observations show the pain is not due simply to local 
anoxia Exercise the arm till pam develops and note the time taken , allow 
a suitable interval for recovery to occur, and then repeat the exercise, but for a 
few seconds less , this time no pam develops Now maintain the occlusion 
for another 5 minutes The oxygen content of the hmb must decrease markedly 
during this period but no pam develops 

Lewis suggests that muscular activity releases a pain-producing factor (P) 
which passes out into the tissue spaces and is normally removed by the blood 
stream If exercise is carried out with the circulation occluded this substance 
accumulates, and when it reaches a certain concentration, pam develops 
In support of this view, Lewis finds that if exercise is performed with occluded 
circulation till pam appears, and the exercise is stopped but the occlusion 
maintained, the pam persists unchanged and does not get worse , if the cir- 
culation is released, the pam disappears within a few (2-4) seconds 

Intermittent Claudication — The above experiments explam the 
recurrent pam produced in the legs during exertion m patients with narrowed 
hmb blood vessels {eg m Buerger's disease ) 2 {intermittent claudication) In 
this disease, the blood supply to the muscles is adequate for their needs 
during periods of rest , but during activity the blood flow cannot be increased 
sufficiently to cope with the additional requirements {i e there is relative 
lscliccmia) The P factor consequently accumulates, giving rise to pam which 
increases in intensity until the patient is compelled to stop During the 
period of rest the P factor is washed away, the pam disappears, and the patient 
can resume walking, only to be stopped again by recurrence of the pam 

Other Phenomena in Ischcemic Limb 3 — If a blood pressure cuff wrapped 
round a hmb is inflated to occlude the underlying artery for 15 mmutes, the 
nerve trunks under the cuff begin to lose their conductivity The fibres first 
affected are those which have travelled the longest distance from their nerve 

n diled , 1932, 49, 713 Levy, Diseases of Coronary Arlenes and 

Cardiac Pam , N Y , 1936 

s Also called Ihromboanrjntis obliterans (cf p 361) 

3 Lewis, Pickering, and Rothschild, Heart, 1929-31, IS, 369 , 1931-33, 16, 1 
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endings , the fibres winch have travelled a shorter distance are affected later 
(cf p 1005) After initial tingling a defective sense of touch develops m 
the most distal part of the limb , it gradually spreads up proximally and 
is followed by a similar centripetal loss of other forms of sensation, pam being 
lost last Loss of motor function shows a like march and is almost simultaneous 
with loss of touch sense 1 

Pain of Coronary Occlusion — The pam of coronary occlusion, like 
that m an ischocmic limb, is presumably produced by ischaemia of the affected 
area of heart muscle The pam persists as long as the sensory nerve endings 
m the ischaemic patch of heart muscle remain alive , when they die the pain 
disappears unless spasm of other coronary vessels takes place (infra) 

Angina or ErroRT — Attacks of anginal pam may be brought on by 

effort, without evidence of coronary 
occlusion Little is known about 
the changes m the heart rate or 
blood pressure during the attacks, 
but they always occur under 
circumstances that would be ex- 
pected to throw an extra burden 
on the heart and so cause relative 
ischmmia If there is spasm or 
anatomical narrowing of the cor- 
onary vessels the necessary degree 
of local vasodilatation may not 
occur m conditions of stress , the 
blood supply of the heart is thus 
insufficient for its increased needs, 
the P factor is not got rid of, it 
accumulates and gives nse to pam 
Severe anginal pam may, however, 
occur at night or at other times 
when the subject is at complete 
rest If there is no evidence of 
occlusion the pam must be attribut- 
ed to coronary spasm reduemg the 
cardiac blood flow 



Fig 489 — Diagram illustrating the Method of 
Testing Pleural Sensibility (Capps, Experi- 
mental and Clinical Study of Pain, New York, 
Macmillan & Co , 1932 ) 

The left lung is displaced by effusion and the diaphragm is 
pushed dow n 1 ho arrow s represent the w ire passing 
through tlie hollow trocar and touching rcspccthelj 
the pulmonary, pericardial (P) and diaphragmatic 
pleura (D) 


Palpitation — When consciousness of the heart’s action is present, it is 
called palpitation It is associated with vigorous exercise or with the strong 
contraction which often follows on a premature beat The sensation is set 
up by the impact of the heart against the chest wall 

Pain of Arterial Embolism and Thrombosis 2 — Pam from this cause 
only develops m muscular organs, i e the intestine, heait, and skeletal muscle 
Interference with the blood supply to the lungs, liver, brain, or spleen does 
not give rise to pam Variable results are obtained m the case of the kidney , 
possibly pam only develops if the muscular renal pelvis is involved 

Pleural Sensibility — The experimental study of pleural sensibility in 
man yields results which illustrate important principles which apply to 


1 For results of asphyxia and pressure on sensory nerves, see Lewis and Poehm, 
Clin Sci , 1938, 3, 141 

Lewis, Clin Sci , 1935-36, 2, 238 
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other serous membianes, 
certain viscera and also 
certain deep somatic 
structures 

This problem was 
studied by Capps m 
patients with pleural 
effusion m the following 
way (Fig 489) A hollow 
trocar is pushed through 
the chest wall into the 
pleural cavity , before 
much fluid escapes, a long 
stiff silver wire is passed 
through the cannula and 
brought m contact with 
various aspects of the 
pleural membrane When 
the pleura was covered 
with thick exudate, no 
response was obtained , 
but when the pleura was 
in a more normal con- 
dition, the following 
results were elicited 

(1) Visceral Pleura 
— The visceral pleura 
(lining the lung) is entirely 
devoid of pain sense 

(2) Parietal Pleura 
— Pressure on the parietal 
pleura (lining the chest 
wall) gives rise to sharp 
pain which is located with 
considerable accuracy 
near the site of stimula- 
tion The parietal pleura 
can be regarded as part 
of the chest wall and like 
it is supplied with sensory 
fibres from the intercostal 
nerves 1 ' 

(3) Diaphragmatic 
Pleura (see Fig 490) 
(l) The central portion of 
the diaphragm is supplied 


Front Back 



Fig 490 — Localization of Pain from Diaphragmatic 
Pleura (or Peritoneum) (Capps, Study of Pam, 1932 ) 
The lower diagram represents the thoracic aspect of the dia 
pliragm 1 he area marked with black dots Is supplied bj the 
phrenic, that shown as a black sheet is supplied by the lower 
intercostal nen es Stimulation of the pleura o\ er the central 
region of the diaphragm ghes rise to referred pain in the neck 
(Indicated bj black dots in upper figure) m the distribution 
chieflj of the third and fourth cenical dorsal nerve roots 
Stimulation of the peripheral diaphragmatic pleura produces 
pain referred to the bodj wall (front or back, of the same side or 
both sides) In the distribution of the sixth to twelfth thoracic 
nerves (horizontal lines in upper figure) Exactly similar 
results are obtained on stimulation of the •peritoneal surface of the 
central and peripheral parts of the diaphragm 


The parietal pleura can sometimes be incised without producing pain when nb 
resections are carried out under local anaesthesia , presumably the pathological condition 
present in the pleura abolishes its normal sensitivity Healthy subjects usually complain 
of pam when an exploring needle comes m contact with the pleura 


754 DIAPHRAGMATIC PLEURAL SENSIBILITY 

with afferent (as well as efferent) fibres by the phrenic nerve Experimental 
irritation of this region sets up a sharp, cutting paintirT a region anatomically 
quite remote from the diaphragm, namely m the neck — usually in a definite 
spot in the slcm distribution of the third and fourth cervical dorsal nerve 
roots This is a clear-cut instance of referred pam set up from a serous 
membrane The phrenic afferents enter the dorsal nerve roots of the third and 
fourth cervical nerves mainly (and also C5) The patient is unable to localize 
accurately afferent impulses that have come from the diaphragmatic pleura, 
and falsely projects — refers — the sensation to a region of the body wall which is 
supplied by the same dorsal neive roots as supply the diaphragmatic pleura 
Referred pam is a special form of false localization The pain m the neck is 




Fig 491 — Pericardial Pam (Capps, Experimental and Clinical Study of Pam, New York, 

Macmillan Co , 1932 ) 

A Heavy line shows portion of fibrous pericardium and central diaphragm, Irritation of which gives rise 
to neck pain (black circle) 

B Case of typical dry pericarditis with to and fro friction sounds or or the whole area of the heart (shaded 
area) Post-mortem examination showed universal fibrinous exudate o\er the visceral and parietal 
layer of the strong pericardium No pain was felt in the region of the heart at an) time 


accompanied by local tenderness and sometimes by reflex rigidity of the neck 
muscles 

(u) The peripheral part of the diaphragm is supplied with afferent (as 
well as efferent) fibres from the lower, si^intercostalnerves (Th7-12) Experi- 
mental irritation of the pleura covering this region gives rise to pam which 
seems to come from (i e is referred to) a varying number of segments of the 
body wall supplied by the lower thoracic nerves — the lower thorax, the lumbar 
region, or the abdomen This is another clear-cut instance of referred pam 
The stronger the degree of pleural stimulation the more widespread is the 
referred pam , it may sometimes extend to the other side of the body too 
(sensory irradiation) The pam is associated with local tenderness and reflex 
motor effects m the form of muscular rigidity 

Pain op Pleubisy — When the parietal pleura is involved in inflammatory 
processes, the pam is felt in the chest wall over the region involved , with 
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diaphragmatic pleurisy, tlie pain is referred to the neck, or the lower part of 
the chest, the hack, or abdomen When the pam is referred to the abdomen, 
the chmcal findings may lead to a wrong diagnosis of an intra-abdommal 
catastrophe 

Pericardial Sensibility — The studies of Capps have led to the following 
conclusions 

(1) The lower part of the fibrous pericardium (at the level of the fifth 
and sixth interspaces) is supplied by afferents from the phrenic nerve , 
puncture of the pericardium m this region gives rise to referred pam m the 
necl (Fig 491, A) 

(2) On the other hand, experimental sti m ulation of the serous pericardium 
(both visceral and parietal layers) gives rise to no pam A dry inflammation 
of the serous pericardium may produce a sense of precordial tightness, but 
again, as a rule, no pam (Fig , 

491 , B) A large effusion greatly 
stretching the pericardial sac 
may give rise to no more than 
a dull ache over the hea rt 

(3) Severe pam is felt (i) 
when the inflammatory process 
involves the mediastinal tissues 
(the pam is felt over the heart) , 
or (n) the diaphragmatic pleura 
(the pam is then referred to the 
neck or abdomen) , or (m) if 
the coronary circulation is 
inadequate the pam is then 
due to cardiac ischsemia 
(P 750) 

Peritoneal Sensibility — 

The parietal peritoneum and 
adjacent connective tissue are 
supplied with somatic afferent 
fibres from the lower thoracic 
nerves 

(1) Diaphragmatic Peritoneum —Using the same technique as for the 
pleura, Capps has shown that strong pressure, or the apphcation of a rough 
point to the peritoneal surface of the diaphragm gives rise to referred pam 
which is felt m the neck when the central parts of the diaphragm are stimu- 
lated, and m the chest or abdomen from stimulation of the peripheral parts 
(Fig 490) The results are identical with those obtained from the pleural 
surface of the diaphragm (p 753) and can be accounted for m the same way 
(it should be noted that light contact or strobing elicited no reaction ) Similar 
pain is experienced m inflammatory conditions of this region of the peritoneum 
ine pam is intensified by forcible movements of the diaphragm such as those 
produced by deep breathing or coughing It is associated with local tender- 
ness (hyperalgesia) and rigidity of the neighbouring muscles Anim al experi- 
ments show that stimulation of the peripheral region of the diaphragm pro- 
duces reflex contraction of the abdominal wall (Fig 492) The muscular 
rigidity in chmcal cases of irritation of corresponding parts of the diaphragm 



Fig 492 — Reflex Contraction of Abdominal Wall 
from Stimulation of Diaphragm (Lewis and 
Kellgren, Clin Sci , 1939, 4, 56 ) 

Records from above downwards Contraction of right 
upper rectus, signal line, time m secs Stimulate 
the under surface of diaphragm (right side) with a 
Bmooth probe during the penod shown by the signals 
A Stimulate dome (no reflex response) , B stimulate 
lateral part of diaphragm (reflex contraction) 
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js doubtless also reflexly produced 1 Injury to the spleen associated with 
irritation of the central diaphragm may produce referred pam and hyperalgesia 
over the shoulder tip (Fig 493) 

(2) Parietal Peritoneum — Stimulation of the parietal peritoneum gives 
rise to pam which is fairly accurately localized m the superjacent abdominal 
wall (Fig 494) Parietal peritoneal pam is also associated with local tender- 
ness and reflex muscular rigidity 

Referred Pain, Tenderness, and Rigidity —As has already been 
explained, stimulation of the diaphragmatic pleura or peritoneum, or of the 



i’lO 493 — Referred shoulder Ram 
from Diaphragm (Morley, Ab 
domtnal Pam, E 1 S Living- 
stone ) 

Case of traumatic laceration of diaphragmatic 
surface of spleen (involving peripheral 
diaphragmatic peritoneum) showing (as 
black patch over shoulder) the area of 
referred pain and hyperalgesia In the sldn 
distribution of the third and fourth cer- 
vical nerves 



Fro 494 — Localization of Pain 
produced by Stimulation of 
Panetal Peritoneum (Capps, 
Experimental and Clinical 
Study of Pam, New York, 
Macmillan & Co , 1932 ) 
Anterior abdominal wall the circle 
Bbows where the cannula was m 
serted through which the wire was 
passed to stimulate the panetal peri 
toneum Black dots=actual point 
stimulated, + =]ocaJizatjon of pam 
by patient 


mterspinous ligaments or other deep somatic structures, or the development 
of cardiac ischaemia produces referred pam, tenderness (hyperalgesia), and 
muscular rigidity The way in which these symptoms and signs are produced 
is still imperfectly understood and requires discussion 

Referred Pain — The degree of accuracy of localization of a tactile 
stimulus applied to the skm depends on the local wealth of cutaneous in- 
nervation, the extent of the cortical area receiving impulses from the region, 
and the degree of pomt-to-point (“ topographical ”) projection of the receptor 
surface on to discrete areas of the sensory cortex (p 570 and Fig 495) If 
a sensory surface is sparsely innervated or if many receptors from an area 

1 Stimulation of the back muscles or of the mterspinous ligaments (p 748), produces 
an identical reflex contraction of the abdominal walL 
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converge on to a single cortical point, localization is correspondingly impaired 
(Fig 496) As cutaneous pam can also be sharply localized, it is assumed that 
topographical projection occurs, though the relevant anatomical details are 


Cortical Centre Cortical Centre 



Peripheral Receptor Area Peripheral Receptor Area 


Fig 495 — Anatomical Basis of Fig 496 — Anatomical BasiB of 

Accurate Locabzation Vague Localization 


obscure (p 571) As the diaphragm, deep somatic structures, and the heart 
have a relatively sparse sensory innervation, we would expect stimuli apphed 
to these regions to be vaguely localized , what requires explanation is the fact 



MUSCLE 

Fig 497 — Branching of Dor- 
sal Root Axon to supply 
Skin and Muscle (Sinclair, 
Weddell, and Feindel, 
Brain, 1948, 71 ) 

Impulses arising from the muscle 
(B1 or the shin (C) would give 
rise to an' identical sensation 
which would be referred to the 
dominant zone ' which in this 
case would probably be the shin 



Fig 498 — Possible Neural Basis 
of Referred Pam from Heart 


that the sensation is falsely “projected” or “referred” to a region remote 
irom the region stimulated All theories on the subject agree that the false 
reference” is due to a central misinterpretation, though the suggested detailed 
explanations vary 
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Branching of Dorsal Root Axons 1 — Referred pam has been attributed 
to the branching of the peripheral axonB of the dorsal roots -which convey 
the impulses set up by nocuous stimuli It is known that these axons branch 
extensively m the shn mediating the vascular axon reflex which is responsible 
for the flare (p 323) , a similar ramification is responsible for the cutaneous 
hyperalgesia which develops round an injured area of skm (p 747) In 
addition a few dorsal root axons branch more proximally (a) in the mix ed 
spinal nerve, one branch passing into the po°tenor ramus and one into the 
anterior ramus , (b) m the anterior ramus, to supply skm and muscle (Fig 
497), skm and a viscus, or skm, muscle, nnd a viscus (Fig 500) It is 

suggested that these branching axons are 
responsible for referred pam and tenderness 
Consider the effects of stimulating an 
mterspmous ligament There is anatomical 
evidence that the injected hypertonic sahne 
acts on axons m the posterior ramus , some 
of these are processes of dorsal root axons 
which also contribute a branch to the anterior 
ramus supplying skin and muscle in the 
anterior part of the dorsal root distribution 
As a result, impulses arising from certain 
points m the posterior or the anterior part 
of the dorsal root distribution pass into the 
same axon , consequently stimulation of 
either the anterior or posterior points, or 
fibres supplying them, must give rise in- 
evitably to the same sensation with respect 
to quality and localization We must assume 
m addition the rule of the “ dominant receptor 
zone ” Suppose receptor zone Rj and R 2 both 
terminate in the same cortical region C 
zone R x is frequently stimulated and the 
mind has consequently “learnt” to project 
the sensation to the region actually stimulated, 
zone R 2 , on the other hand, is rarely or never 
stimulated Then whether zone Rj or R 2 is 
stimulated the mind always projects the 
sensation to zone Rj , i e impulses from 
zone R x are correctly localized , but impulses from zone R 2 are falsely 
projected (or referred) to zone R x Thus impulses from the mterspmous 
ligaments are falsely referred to the distribution of the anterior ramus of the 
dorsal root employed 

Similar reasoning may be applied to the case of the central diaphragmatic 
pleura and peritoneum Some of the afferents from this region are branches 
of dorsal root axons of C3, 4, and 5, which also supply the skm and muscles 
of the shoulder region The latter is the dominant receptor zone , conse- 
quently impulses from the central diaphragm are falsely referred to the 
shoulder region (Cf also legends to Figs 497, 500) 

Other Explanations of Central Misinterpretation — Instead oi 
1 Sinclair, Weddell, and Feindel, Brain, 1948, 71, 184 



Fro 499 — Cutaneous Ten 
derness (Hyperalgesia) set 
up from an Affected 
Muscle (Sinclair, Wed 
dell, and Feindel, Brain, 
1948, 71 ) 

The axon (A) from the muscle (B) 
glies branches to tho shin (C) 
producing a lasting chemical 
change there which enhances 
the Bcnsithity of tho local 
nerie endings Gentle stimu- 
lation of ttie shin gives rise 
to an unpleasant sensation 
(tenderness) mediated by 
axons A and D 
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emphasizing the role of branching dorsal root axons it may be supposed that 
afferents from e g the upper thoracic body wall and the heart pass along 
distinct dorsal root axons which end, however, m a common group of cells 
m the spinal grey matter , the second neurone is common to the receptors 
zones and ends ultimately m a cortical area which consequently serves both 
zones (Fig 498) It is further assumed (as above) that impulses arising from 
the rarely stimulated zone will be referred to the distribution of the dominant 
zone 

Rigidity — This is presumably due to reflex contraction of muscles set 
up by the afferent impulses from the affected area 

Tenderness (Hyperalgesia) — The mechanism may be similar to that 
of cutaneous hyperalgesia produced 
by painful skin stimuli Fig 499 
illustrates how skin tenderness may 
be set up from an affected muscle 
Impulses from the muscle (B) pass 
along one branch of an axon (A) and 
then along a second branch to the 
skin (C) setting up here a long 
enduring chemical change which 
enhances the sensitivity of the local 
nerve endings When skin (C) is 
stimulated in a manner which 
normally would arouse only trivial 
discomfort (eg if it is lightly rubbed 
or pricked) the affected nerve end- 
ings set up an unusual pattern of 
impulses which pass up m the axons 
(A) and (D) and are centrally inter- 
preted as tenderness Fig 500 
illustrates how, owing to multiple 
branching of an axon, stimulation 
of a viscus may give rise to both 
cutaneous and muscular tenderness 
Hyperalgesia has been accounted 
for by some workers in terms of 
the “ subliminal fringe ” (p 540) 

Afferent impulses coming from the 
body wall may stimulate cells m the central grey matter subhmmally and so not 
give rise to any conscious sensation Impulses from an appropriate viscus (set 
up by disease or experimental stimulation) maybe supposed to make connections 
with the same central pool of neurones The excitatory state set up from 
both sources may serve to activate the central cells liminally and cause them 
to discharge, to give rise to an abnormal or exaggerated conscious sensation 
This concept is illustrated diagrammatically m Fig 501 

Abdominal Pain — Abdominal pam (as already explained) may be pro- 
duced by stimulation of the parietal or diaphragmatic peritoneum (p 754) 
or other deep somatic structures, such as mterspinous ligaments or deep 
inuscles (p 748) We now have to consider pam set up by involvement of 
the abdominal viscera 



Fig 500 — Cutaneous and Muscular 

Tenderness (Hyperalgesia) set up 
from an Affected Viscus (Sinclair, 

Weddell, and FeindeJ, Brain, 1948, 
71) 

The axon (A) receives branches from shin (C) 
muscle (B), and viscus (E) Impulses reaching 
the brain from the affected viscus wdl he 
referred to the dominant zone which is prob 
ably shm (C) Impulses from the viscus (E) 
pass along the branches of the axon to (B) and 
(C), producing a lasting chemical change which 
enhances the sensitivity of the local nerve 
endings Gentle stimulation of skin (C) and 
muscle (B) consequently gives rise to 
tenderness 
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Solid Abdominal Viscera —(1) Liver —Diseases of the liver which do 
not involve the parietal peritoneum may be wholly jpamless , thus the liver 
may be extensively involved by cancer without causing pain In congestive 
heart failure, however, the liver, which is enlarged and engorged with blood, 
is usually painful and tender to palpation It is not easy to explain this 
difference It is suggested that when the capsule of the liver is stretched 
the nerve endings there set up the painful impulses , but, on the other hand, 
stretching of the capsule of the liver enlarged by, say, hydatid disease does 
not produce pain 

Injlammalou/ conditions of the liver which reach the surface and involve 
the parietal peritoneum, stimulate sensory nerves there and, of course, give 



Fig 601 — Machoncie’s Conception of Neural Basis of Tondemess and’Rigidity 

The dotted region In the heart represents a region of mj ocardium which has become modified as a result 
of localized coronary occlusion The region In the dorsal horn of grej matter surrounded by a dotted 
circle Is the region of “ subliminal stimulation ” AlTercnt Impulses from the heart stimulate these 
dorsal horn cells, with tho result that afferent impulses from the shin and bodj wall which pre\ iously 
stimulated theso cells only subllmlnally now stimulate them llminallv , tho afferent Impulses aro 
transmitted through these synapses to reach tho brain and give rise to a sensation of hjperalge-Ja 
Reflex contraction of muscle can taho place The spinothalamic tract which crosses to the opposite 
sldo of tho spinal cord conveys tho afferent impulses to " consciousness ” 

rise to pam (p 756) In animals, experimental stimulation of the kver (or 
of the kidney or spleen, v infra), eg by pinching, does not produce reflex 
muscular contraction 

(2) Kidney — The kidney appears to be sensitive to external pressure , 
when a movable kidney is palpated bimanually, an aching pam is felt locally 
It may be that somatic perirenal afferents are here involved Most diseases 
of the kidney, e g nephritis, are quite painless Stone m the kidney may 
give rise to a local aching pam, but this may be due to involvement of the 
perirenal tissues 

The symptoms of renal colic are mentioned on p 763, footnote 1, the 
afferent impulses probably arise m the muscle coat of the ureter 

(3) Pancreas — In the decapitate cat, stimulation of the pancreas ( e g by 
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pinching) where it lies in the mesentery produces reflex muscular contraction 
of the abdominal wall , the afferent pathway concerned is m the splanchnic 
nerves The afferent endings stimulated may perhaps be those m the mesen- 
tery and not in the pancreatic tissue itself Certain forms of pancreatic 
disease, e g acute 'pancreatitis, are associated with severe abdominal pain and 
rigidity , others, e g growth, may be painless during almost all their course 

(4) Spleen — Ischae mi a (p 752) and most other affections of the spleen 
are usually painless Pam occurs m rupture of the organ because of involve- 
ment of related structures (e g diaphragmatic (Fig 493) or parietal peritoneum) 

Hollow Abdominal Viscera 1 — The afferents from these viscera are both 
non-medullated and finely medullated fibres , they are few in number thus 
all the afferent fibres from the viscera of a cat equal m number those m one 
dorsal nerve root Because of their sparse innervation, the hollow viscera 
normally have a low sensitivity , to arouse a sensation, an adequate portion 
of a viscus must be stimulated with considerable vigour 

There has been much controversy about the sensibility of the hollow 
viscera, because the clinical study of pam is beset with difficulties and pitfalls 
The patient’s fear and anxiety may “ create ” a sensation of pam or an ex- 
aggerated reaction to shght pam The method of questioning, either the 
tone of the voice or the words used, may influence the patient both as to the 
presence and absence of pam, its degree, and its situation A leading question 
may be indispensable to elicit information but may call forth a misleading 
reply In surgical studies under local anaesthesia, the patient’s fears may 
cause him to reply to questions m a manner which he hopes may safeguard 
him against painful procedures A local anaesthestic may produce general 
effects thus cocaine induces a sense of well-being (euphoria) and damps down 
unpleasant reactions The administration of morphine tends to suppress the 
slighter pams It seems certain, however, that adequate stimulation of 
viscera may produce pam independently of mvolvement of the mesentery 
or the parietal peritoneum 

There is a great difference between the sensitivity of a normal and an 
inflamed viscus, ]ust as there is between normal and inflamed skm Thus 
squeezing with finger or forceps or stitching, cuttmg, or clamping the healthy 
appendix or caecum amuses no pam (such observations gave rise to the erron- 
eous conclusion that nocuous stimuli which produce skm pam do not produce 
pain from abdominal viscera) But when the appendix is inflamed, squeezmg 
it along a considerable part of its length arouses pam Similarly pinching 
the normal gastric mucosa or rubbing it with the blunt end of a glass rod is 
painless , the same stimuh applied to the inflamed and oedematous mucosa 
arouse pam The pam fibres m hollow viscera like those m skm or muscle 
respond to a wide range of stimuh having m common the property of noci- 
ception, i e of being injurious In discussing cutaneous and muscular hyper- 
algesia it was suggested that the release of chemical products by axon reflexes 
modified the sensitivity of local nerve endings thus produemg tenderness 
(tig 485) In the viscera, too, states of inflammation by altering the local 
blood supply or produemg oedema or releasing abnormal chemical products 
ruay likewise “ facihtate ” pam responses 

Effects of Raised Tension — All the hollow viscera are sensitive to 
changes in. the tension of their muscle coat In a few of the viscera the 
1 Kinsella, Mechanism of Abdominal Pam, Sydney, 1948 
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RESPONSE TO INCREASED TENSION 


sensation is fairly accurately localized , in most it is vaguely localized or 
falsely referred If the distension is moderate the sensation is one of fullness , 
if the distension is marked or if powerful, peristaltic movements occur, pam 
is experienced which may be severe in character 

(1) (Esophagus — If a balloon is introduced into the oesophagus, and then 
inflated, a sensation of fullness is felt, situated deeply beneath the sternum 
in the middle line , the level at which the balloon lies is located with fair 
accuracy Similar accuracy of localization is generally present in carcinoma 
of the oesophagus In some cases, however, the feeling of obstruction is m 
the upper third of the oesophagus, although the stenosis is really in the lower 
third , a state of spasm is then found to be present m the upper part of the 
oesophagus 

(2) Stomach — If the stomach is moderately distended with air (e g 600 
c c ), a sensation of fullness is felt deeply beneath the upper part of the 




anterior abdominal wall in 
the middle line (cf p 763) 
Greater distension (with 
1 600 c c of air) gives rise 
to diffuse pam which is more 
marked if the stomach is 
contracted, less marked if the 
stomach is relaxed (suggest- 
ing that the pam is set up 
m the muscle coat) 

(3) Duodenum — A 
balloon is introduced mto 


A B 

Fig 602 — Intestinal Pam (Bentley and Smitliwick, 
Lancet, 1940, u, 389 ) 

A Tube Introduced to 12 In bojond duodenojejunal flosuro , 
balloon at end of tube distended with air (100-160 c c) 
P shows distribution of pain 


the duodenum m man and 
10 c c of air injected at 
10-15 mm Hg pressure No 
sensation is experienced, 
but reflex vasoconstriction 


B Experiment repeated after excision on right sido of ninth f|, A f nria rirmnncr 

thoracic to first lumbar ganglia nnd splanchnic nerves from occurs -” 1 wle TOes > proving 
cceliac ganglion proximally for 0 In P shows distribution or that afferent impulses are 

pain, it is of same quality os previously but limited to the , titi in „ _ 

left side set up W nen 40 c c ox air 

are injected at a pressure of 
30 mm Hg, more widespread reflex vasoconstriction is set up also involving the 
fingers There is now also a sensation of pressure, dull and heavy in character, 
deep seated and poorly locahzed anteriorly between the xiphoid and umbilicus , 
at still higher pressures there is a disagreeable, painful, or griping feeling 
(4) Jejunum — Distension of the jejunum about 12 in beyond the 
duodeno-jejunal flexure gives rise to discomfort or pam of a similar character 
Eig 502, A shows the distribution of the pam after introducing 150 c c of air 
into the balloon After section of the splanchnic nerves and excision of the 
sympathetic ganglia from Th9-Ll on the right side, the pam on distension 
was felt exclusively on the left side (Fig 502, B) This observation proves 
that the afferents from the jejunum are conducted via sympathetic nerves 
mto the dorsal nerve roots Severe contraction of the intestinal wall (intestinal 


cohc) produces pam of a character which is very generally known from per- 
sonal experience The pam is not accurately locahzed m the affected part, 
as is well shown by the following case reported by Mackenzie A loop of 
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small intestine was withdrawn at operation from the abdomen of a conscious 
subject , when vigorous peristaltic waves passed over this exposed loop the 
patient groaned and complained of pain which was not referred to the con- 
tracted intestine, but to the region of the umbilicus The essential feature 
of the pam is its inaccurate localization and diffuse character 

(5) Rectum and Bladder — Distension of these organs gives rise to 
sensations which m part seem to come vaguely from the site of the viscus 1 
In studies like those described above in which only the hollow viscus 
(stomach, duodenum, small or large intestine) and its visceral peritoneum 
are stimulated, the pam experienced is not associated with cutaneous hyper- 
algesia, reflex muscular rigidity or deep tenderness It will be shown later 
that when as a result of disease the parietal peritoneum also becomes involved 
the new afferent fibres stimulated give rise to rigidity and tenderness as well 
Temperature Sensibility — This is present m the oesophagus, stomach, 
and rectum 

( 1 ) If very cold or hot food or drink is swallowed, a sensation of cold or 
heat is felt passing down the middle line under the sternum (and not in the 
back) 

(n) In a patient with a gastric fistula (p 786) a balloon was inserted m 
the stomach and irrigated with fluid at temperatures between 18° and 40° C , 
this procedure aroused no temperature response , outside these limits a 
temperature change of 3° C was appreciated 

(in) Hot or cold fluid introduced mto the rectum is correctly described 
The sensibility of the stomach, appendix, and large intestine is further 
described below 

Stomach — The effects of distension and heat and cold have already been 
considered In the patient with a gastric fistula, light touch applied to the 
normal mucosa was not appreciated , hght pressure (30 g per sq cm ) was 
felt as pressure, while heavy pressure (100 g per sq cm ) gave rise to pam , 
m both cases the localization was roughly correct Severe distension gave 
rise to diffuse pam accompanied by nausea Nocuous stimuli applied to the 
mucosa, e g pinching with forceps, faradic stimulation, application of 50-90% 
alcohol, n HC1, 0 In NaOH, or a 3% suspension of mustard had no effect 
on the normal quiescent organ but aroused pam from the inflamed or the 
engorged mucosa Very strong gastric contractions produced pam, the 
threshold was lowered when the mucosa was infl amed 

Pain of Peptic Ulcer 2 — The pam of ulcer of the stomach or duodenum 
is probably due mainly to the action of acid or other n ntants on a hyper- 
sensitive region of the mucous membrane The evidence is as follows 

(l) The pam tends to follow a meal after an interval which varies with 
the position of the ulcer , the interval is about an hour with an ulcer near 
the mcisura and three hours or more m duodenal ulcer Pam generally sets 
in when gastric acidity reaches a characteristic threshold level, e g pH 15m 
some, or lower levels of acidity m other cases 

(n) The ingestion of food, which decreases gastric acidity, always relieves, 

1 TJrclcric (Renal) Colic — When a stone passes along the ureter severe pam is experienced 
on the same side in the distribution of LI, often accompanied by rigidity and tenderness 
in tho same region (p 748) Inflammation of the ureter and periureteric connective 
tissue may perhaps account for the latter changes 

e r m ° r ’ Altd , 1926, 38, G94 Bonney and Pickering, Chn Set , 1946-48, 

00| yi 
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PAIN OF APPENDICITIS 


and usually abolishes duodenal ulcer pain Food often relieves gastnc ulcer 
pam, but usually the pain has disappeared before the next meal is taken 
(in) Vomiting, which removes acid fluid from the stomach, relieves pain 
generally m gastric and sometimes in duodenal ulcer 

(iv) Both varieties of peptic ulcer are relieved by alkah 

(v) In patients who are experiencing frequent bouts of spontaneous pam, 
the introduction of 200 c c of 0 5% HC1 into the stomach when pam is 
absent produces pam If the acid is introduced into the stomach when the 
patient is free from spontaneous pam, no pam is produced Similar results 
are produced by other acids, e g H 2 S0 4 or strong alkalis, e g NaOH 

In the crater of an active ulcer pam nerve endings are exposed and their 
sensitivity may be enhanced by inflammatory products or changes m the 
local blood supply In these circumstances the acid which is normally 
secreted by the gastric mucosa, or acid or other irritants which are intro- 
duced into the stomach, may set up a sufficiently vigorous discharge from the 
nerve endings to give rise to a pain sensation If the inflammation or con- 
gestion subsides the discharge set up by the less sensitive endings m response 
to the same stimuli may be inadequate to produce a pam sensation Simi- 
larly during healing of the ulcer the nerve endings become covered with 
mucus or scab, blood clot or granulation tissue that protects them from 
nocuous stimuli 

Pam may however occur m peptic ulcer cases with achylia or at low levels 
of mtragastnc acidity , m these some undetermined factor must be effectively 
stimulating the pam nerve endings 

The external surface of an ulcer is generally insensitive to mechanical 
stimuli, e g seizure with toothed forceps 

When pam occurs m peptic ulcers, it is generally accompamed by rigidity 
and by tenderness m the epigastrium, usually over and m the recti , if the 
abdominal wall is anesthetized by blocking the 5th to the 11th intercostal 
nerves the muscles become paralysed and the tenderness disappears The 
impulses directly responsible for the tenderness are thus travelling m nerves 
coming from the abdominal wall and not from the stomach itself But as 
shown in Fig 500, impulses from the stomach acting via branching axons may 
be responsible for the abnormal state of the abdominal wall The antidromic 
impulses on reaching the body wall release a chemical substance which 
enhances the excitability of the local sensory endings as explained on p 747 
Acute Appendicitis — In the initial stage of the disease, severe pam is 
felt, which is probably due to appendicular distension , it is imperfectly 
localized to the central part of the abdomen m the region of the umbilicus , 
it is unaccompanied by tenderness or rigidity In the second stage the pam 
becomes localized to a restricted region on the right side and is associated 
with deep tenderness and rigidity These latter signs are probably the 
results of impulses from the involved parietal peritoneum It is claimed that 
the location of these signs varies with the position of the appendix, and de- 
pends on the region of the parietal peritoneum that is involved and the 
(somatic) afferents that are affected The peritoneum over the posterior 
abdominal wall is less sensitive to mechanical stimuli than the anterior , a 
retrocsecal appendix m contact with this part of the parietal peritoneum 
may consequently give rise to little localized pam 

Large Intestine —The crushing of a colostomy (or ileostomy) spur is 
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generally carried out without a local anaesthetic If the spur is crushed 
piecemeal, not more than one inch at a time, the procedure is usually pamless 
if 3Y of spur are crushed at once pam frequently results Thus m a case m 
which the spur consisted of healthy ascending and transverse colon the crush 
produced generahzed deep abdominal pam, 
nausea, and a feehng of famtness In another 
case m which the spur consisted of healthy 
terminal ileum and low sigmoid affected by 
colitis the crush produced severe continuous 
pam “ like gripes ” m the centre of the 
abdomen, lastmg 7-8 hours and requiring 
two injections of morphine to make it hearable 
These observations (Kmsella) again illustrate 
the principle that pam can he aroused m 
normal viscera if the stimulus is sufficiently 
severe and extensive, while shghter stimuli 
suffice if the viscus is made more susceptible 
as a result of inflammation 

Mesentery — A pull on the mesentery 
readily produces pam, probably because the 
pam fibres from a long stretch of bowel are 
condensed round the blood vessels a small 
stimulus can thus stimulate many afferent 
fibres 

Interrelationship of Autonomic and 
Somatic Nervous Systems — The sharp 
distinction which is customarily drawn between 
the autonomic and somatic nervous systems, 
though useful for purposes of description, 
is to a considerable extent misleading 
Afferent impulses from somatic structures may 
reflexly influence viscera e g stimulation of 
the central end of a skin or muscle nerve may 
reflexly affect the heart rate or blood pressure 
Conversely, afferent impulses from viscera 
may influence the activity of ventral horn 
cells (for examples cf pp 751, 754, 764) Both 
sets of results illustrate the phenomenon of 
irradiation, i e that impulses do not expend 
themselves exclusively m their own segment 
or division of the central nervous system, 
but tend to spread more widely to mvolve 
additional centres or regions, even some 
which are generally regarded as being unrelated 
portions of the nervous system Several striking instances of widespread 
central viscero-somatic irradiation may be quoted 

(1) Stimulation of the central end of the vagus nerve reflexly inhibits 
the knee-jerk (Fig 503) This effect is not due to the associated fall of blood 
pressure or change m breathing, but is produced by impulses which enter 
the medulla and pass down the spmal cord to reach the lumbar ventral horn 


Fig 603 — Effect ol btimu- 
lation of Central End of 
Vagus on Knee-jerk (Sch- 
weitzer and Wright, J Phys 
101 , 1937, 88 ) 

Cat Chloralose anaesthesia 
Records from above down 
■wards are knee jerk elicited 
every 10 seconds , blood 
pressure , signal line , time 
in 30 sec During the fall 
of the signal the central end 
of the vagus is stimulated 
The knee jerk is abolished 
Note the inhibitory after 
discharge, i e the aboli- 
tion of the knee jerk 
persists for a considerable 
time after afferent stimula- 
tion is discontinued The 
inhibition also persists while 
the blood pressure is return- 
ing to normal Later on in 
the record the blood pres 
sure fell spontaneously but 
the knee jerk was unaffected 
These last two points prove 
that the depression of the 
knee jerk is not due to the 
associated circulatory 
changes 
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cells In animals under light cliloralose anaisthesia, generalized spontaneous 
musculai movements arc common , these, too, may be reflexly inhibited by 
central vagus stimulation, the impulses m this case mhibitmg ventral horn 
cells throughout the spinal cord Even strychnine convulsions may be 
reflexly inhibited in the same way 1 

(2) A rise of pressure m the carotid sinuses may produce general muscular 
relaxation and all the phenomena of natural sleep (Fig 504) Bodily move- 
ments cease, the head and tail hang limply, the eyelids are partially closed, 
the pupils constrict, and only feeble responses to nocuous stimuli can be 
obtained On lowering the pressure in the carotid sinus the animal wakes 



Fig SOt — Reflex Effect of Raised Carotid Sinus Prossuro on Consciousness 
(After Koch, from Schweitzer, Irradiation Antonomer Ecjlexe, 1937 ) 

Unnmcstlictlzcd dog , right innen ated carotid sinus prepared so that the pressure m it can 
he artificiallj raised from perfusion apparatus Between A and B the sinus pressure 
w as raised to 200 mm Hg In B, muscio tone disappears and the animal is in a state 
which resembles normal sleep 


up suddenly Stimulation of vaso-sensory nerves may thus induce a general 
trance-like state (cf p 686) 

(3) Vagus apnoea is another good instance (p 388) The inspiratory 
centre (p 384), which is a complex group of automatically discharging cells 
controlling skeletal muscles may be inhibited by afferent impulses coming m 
the vagus from a viscus, the lungs Stimulation of the central end of the 
splanchnic nerves may likewise reflexly modify breathing 

(4) Where the higher levels of the brain are considered, examples of reflexes 
involving muscles and viscera simultaneously are numerous, eg the rage 
reaction of the thalamic animal (p 664), other kinds of reflex emotional 
reactions or the complex responses to heat or cold The cerebral cortex also 
controls visceral activity, as is seen from the results both of stimulation and 
extirpation experiments and of disease (p 671) 

1 Schweitzer and Wnght, J Physiol , 1937, 88, 459 
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PHYSIOLOGY OF MICTURITION 1 

Efferent Supply of Bladder — The efferent fibres to the bladder come 
both from the sympathetic and the sacral autonomic 

The detailed anatomy of these nerves has been carefully studied in man 2 
(Fig 505) The sympathetic connector cells he m the grey matter of the 
first and second lumbar segments of the spmal cord The connector fibres 
take various routes — through the lateral sympathetic chain, and through the 
coehac and superior mesentnc ganglia — to form a nerve lying in front of the 
sacrum — the presacral nerve This divides at the level of the first piece of 
the sacrum mto two hypogastric nerves which end m the hypogastric ganglia 
on the lateral aspects of the rectum 3 The sacral autonomic fibres arise 
from cells m the second sacral, and less constantly from the third sacral 
segments, and pass m the nervi erigentes, likewise to end m the hypogastric 
gangha which serve as the excitor relay station for both sets of fibres From 
the anterior border of these ganglia, sympathetic and autonomic post- 
ganglionic fibres arise and pass to the bladder both the body (detrusor) and 
internal sphincter 

The prostatic urethra and the external sphincter receive efferent somatic 
fibres from the pudic nerves 

Effects of Sympathetic Stimulation — In animals the body of the 
bladder relaxes and the sphincter vesicse contracts Learmonth obtained 
the following results on stimulating the presacral (sympathetic) nerve m man 
closure of the ureteric orifices, contraction of the internal sphincter, increase 
m the tone of the trigone and vasoconstriction m this region In addition, 
there was contraction of the muscle of the seminal vesicles, the ejaculatory 
ducts, and the prostate, and the contamed secretions were squeezed out 
(p 1105) No effect was observed on the dome or lateral walls of the bladder 
Intravenous injection of adrenaline m man lowers the pressure m the com- 
fortably full bladder , it is therefore probable that the sympathetic nerves 
can exert some inhibitory influence on the body of the bladder in man as m 
lower animals 

Effects of Sacral Autonomic Stimulation — The internal sp hin cter 
is relaxed, the detrusor is stimulated, and the bladder is emptied 

Afferent Supply of Bladder — The afferent fibres probably take a 
double route (a) along the sympathetic into the dorsal nerve roots of LI 
and 2, and the lower thoracic segments , ( b ) along the sacral autonomic 
mto the sacral dorsal nerve roots They subserve two functions (l) they 
indicate the degree of distension of the bladder , (n) convey pain sensibility 
Traction on the presacral (sympathetic) nerve gives rise to a crushing kind 
of pain which is felt in the bladder itself, i e it is locahzed surprisingly 
accurately and is not referred to the skm segments The pam of bladder 

1 Fcirnsidcs, Brain, 1917, 40, 149 Head and Riddoch, ibid 1917, 40, 188-263 
Dentil Brown and Robertson, Brain, 1933, 56, 149 

1 learmonth, Brain, 1931, 54, 147 

\ In , tbo } ovrcr animals the sympathetic relay station is in the inferior mesenteric 
nanglia (at, the origin of the inferior mesenteric artery) from which hypogastric (post 
ganglionic) nerves anse In man, however, the inferior mesenteric gangha are rarely 
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disease is diminished to a considerable extent by section of the presacral 
(sympathetic) nerve , it is abolished totally, however, when the sacral 
parasympathetic fibres are also cut 

Cortical Control -—The path of the afferent fibres within the central 
nervous system is not known A higher centre for control of the bladder 
is described at the top of the motor area of the cerebral cortex on the medial 
aspect ot the hemisphere in association with the centres for the perineal 



Fig 505 — Innervation of the Bladder (Learmontli, Braxn, 1931 ) 

The diagram shouB the formation of the presacral nerve (Presnc N ) from a middle root and tno lateral 
roots Ccoliac A , Sup Mes A , Inf Mes A =coelInc superior mesenteric and Inferior mesenteric artery , 
C G , It G =Cccliac ganglion, renal ganglion , M It = middle root of presacral nerve domed from 
fibres from C G and It G which come down the front of the aorta and interlace round the origin of 
the inferior mesenteric artery The lateral roots come from the first to the fourth lumbar ganglia 
Hypog N ■= hypogastric nerves 

structures The path m the human spinal cord for these motor fibres from 
the cortex lies lateral to the pyramidal tracts intermingled with the spino- 
cerebellar fibres 

Postural Activity m the Bladder — The bladder is an organ in which 
the phenomena of tone have been extensively studied 

(l) If fluid is injected into a bladder 24 hours after death, no rise of internal 
pressure initially takes place The fluid serves first of all to straighten all 
the folds that are present , then, as more fluid is pumped m the pressure 
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rises with increasing rapidity for every fresh rise in bladder content On 
reaching the limit of elasticity of the bladder wall the gradient of ascending 
internal pressure becomes very steep before the final bursting of the organ 

(u) In the initial stage ot shock following complete trans-seet ion of the 
spinal cord, similar results are obtained, i e the bladder responds purely 
passively to distension with uane 

(in) The normal bladder, however, responds differently If fluid is intro- 
duced into the bladder through a catheter, e g in quantities of 50 c c at a 
time, the bladder pressure rises immediately on each occasion , but if an 
interval is allowed to elapse after each bout of filling, the pressure frequently 
falls to some extent, though the volume, of course, remains unchanged 
These points are well brought out in Fig 506 The intact bladder thus 
responds initially to distension by a contractile resistance which leads to a 



Fig f >06 — Effect of Filling Bladder on Internal Pressure 
(Denny Brown and Robertson, Brain, 1933, 56 ) 

Ordimtc = bladdei pressure in cm ]T 2 0 abscissa =bhdder volume in c c 

50 c c or mud were introduced into the bladder via a catheter and the resulting pressure recorded A short 

nWc7 al ia>rtl,nJ C n,,^ ' ertlcal d f r °P 3 of Pressure indicate the adaptation that then takes 

h' a f® fi»A Quantities of 50 c c ncre then successively introduced and the procedure repeated 

Note the much more rapid rise of pressure when the bladder volume exceeds 500 c c 


rise of pressure , subsequently the bladder wall actively adjusts itself to the 
neu conditions, its fibres presumably elongate and the contents are gripped 
at a lower pressure than that which obtained previously When one talks 
of tone in the bladder or other hollow viscera, one has m mind these active 
adjustments of the muscle coat to variations in internal volume , as a result 
the contents are subjected to pressures which vary to some extent, hut not 
dncdly, with their volume When the bladder volume exceeds 500 c c the 
pressure tends to rise more sharply and may exceed 10-15 cm of water 
(iv) As the bladder is filled progressively there is first the gradual rise of 
internal pressure just described , later transient pressure waves appear wbicb 
are at first small and unaccompanied by any sensation With higher bladder 

wrthTlinrn 700 ¥ theSe coatractl °ns m ‘W cause pam and are associated 
with a sharp rise of pressure By an effort of the mil, i e a decision to hold 

PaSS ° ff Wh f 7 01 P artia % a nd the discomfort 
disappears (Fig 507) This, however, is only temporary, for the contractions 
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recur, a pressure of 100 cm of water or more is attained, discomfort is acute 
and the subject begs to be allowed to empty bis bladder Conversely with 
a moderate degree of filling ( e g 200 c c volume), a decision to micturate 
leads to a sharp rise of vesical pressure before any actual effort is made, and 
independently of any contraction of the abdominal wall (Fig 507) 

(v) The sphincter muscles, too, maintain an attitude or possess tone, but 
their function is to maintain a constant position and keep the urethral orifice 
closed, except, of course, during micturition, when their tome activity is 
icciprocally temporarily inhibited 

Voluntary Micturition — From these observations the mechanism of 
voluntary micturition can be deduced As the bladder fills, its internal 
pressure slowly rises as already indicated Contraction waves appear which 
stimulate the pressure receptors m the muscle coat and send afferent impulses 
to the spinal cord and thence up to the bram, which give rise to a “ desire 
to micturate ” If it is inconvenient to micturate, impulses from the cerebral 



Fio 507 — Effect of Consciousness on Bladder Pressure 
(Denny Brown and Robertson, Brant, 1933, 56 ) 

Ordinate>=bJadder pressure In cm IJjO , abscissa = time in 10 sees 

In the internal between the first and second nrrons there was conscious '* preparedness for micturition, ' 
which was associated with the Initial rapid rise of pressure , during x~y there was a strong desire to 
hold water, associated with cessation of bladder contraction 


cortex cause inhibition and elongation of the bladder w all, mamly apparently 
by inhibiting sacral parasympathetic excitor activity, but also possibly via 
the sympathetic nerves which relax the bladder musculature The pressure 
m the organ falls and the desire to micturate temporarily passes off (Fig 507) 
By constant practice the bladder can be accustomed to accommodate very 
large volumes of urine before an uncontrollable and unbearable rise of intra- 
vesical pressure occurs It is well known that many sedentary workers, 
and women especially, can hold their urme for very long periods without 
discomfort 

On the other hand, the bladder may be voluntarily emptied m response 
to the “ desire to micturate ” Impulses from the cortex then pass down 
to the sacral segments and along the nervi engentes to stimulate the bladder 
wall and to relax the internal sphincter , the centre controlling the external 
sphincter is refiexly inhibited Certain accessory muscles axe also involved 
the perineum is relaxed, the abdominal wall contracts, the diaphragm 
descends, and the breath is held with the glottis closed The resulting rise oi 
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intra-abdo min al pressure compresses tlie bladder from without The intra- 
vesical pressure rises steeply and tbe bladder is evacuated Micturition can, 
of course, be carried out voluntarily before urgent afferent impulses have 

been received , 

In young childien the process is different Postural activity in the 
bladder is less perfect, and quite small quantities of urme may raise the 
pressure sufficiently to send afferent impulses up to the cord The higher 
centres are not involved and micturition occurs entirely reflexly (perhaps at 
the spinal level) from stimulation of the nervi engentes 

The postural behaviour of the bladder can be influenced by a variety of 
circumstances In certain forms of emotional stress, as m the anxious 
moments preceding an examination, the power of the bladder to elongate its 
fibres as its contents mcrease, appears to be in abeyance The well-known 
result is that there is a constant desire to micturate, with the passage of only 
small quantities of urme on each occasion Frequency is produced in a 
similar way when the bladder wall (or mucous membrane) is irritated by 
inflammation or stone The nature of the disturbance m the so-called 
“ enuresis of children ” is not clear Many authorities beheve the trouble 
is psychical and that it is analogous to the “ emotional ” frequency described 
above 

Effects of Interference with Nervous Control of Bladder — 

1 Section of Sympathetic Supply — I n man, the immediate effects, as 
would be expected, are relaxation of the ureteric orifices, the trigone, and 
internal sphincter 1 , later, the internal sphincter may recover and close 
completely, though it gives way easily when a catheter is passed After an 
initial and inconstant period of frequency of micturition, bladder function is 
re-estabhshed in a comparatively normal way 

2 Injury to Sacral Nerve Supply — In severe cases there is complete 
loss of voluntary micturition , the external sphinctei is flaccid The bladder 
responds peculiarly to distension with a small volume, e g 200 c c , the 
pressure may rise rapidly to 70 cm of water , the bladder then adapts 
itself quickly leading to a sharp fall of pressure to say 30 cm of water After 
a time the bladder, though deprived of its motor innervation, empties 
itself periodically automatically through the intervention of the local peri- 
pheral neuromuscular mechamsms The “ isolated ” bladder, if otherwise 
healthy, can respond to adequate internal distension by contraction of the 
detrusor muscle , these contractions, however, are not as powerful or as well 
co-ordmated as normally so that micturition is incompletely performed and 
has to be aided by the compression effect of abdominal contraction Large 
quantities of residual urme ( e g 300 c c ) may be left in the organ 

3 Injury to Afferent Supply — The afferent impulses from the bladder 
may be lost or diminished from lesion of the lumbosacral dorsal nerve roots, 
as in tabes The patient is unaware of the state of distension of the bladder 
He can still micturate at will, but if he does not do so at regular intervals, 
the accumulation of urme precipitates involuntary automatic evacuation 
(cf 2 supra) , or else the pressure m the bladder may rise till the resistance of 
the sphincter is passively overcome and dribbling occurs (cf p 562) 

I Iajurt to Cortical Control —E fferent control of the bladder is 

1 After complete sympathetic denervation, ejaculation can no longer take place 
though psychical orgasm and erection occur , sterility therefore results 
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disturbed m lesions in the vicinity of the 'pyramidal tracts to the lateral side 
of which the fibres for the voluntary regulation of the bladder are probably 
found The patient is completely conscious of all events occurring in his 
bladder, but voluntary control of micturition is interfered with The patient 
has difficulty in initiating the act, and, further, he cannot hold his water at 
will when the desire comes on he responds to it immediately In other 
words, voluntary control of both motor and inhibitory fibres to the bladder 
is impaired Such symptoms occur m any spinal lesions involving both 
pyramidal tract regions, e g disseminated sclerosis, early compression of the 
cord, or syringomyelia 

5 Acute Trans-section of the Cord — If the spinal cord is completely 
trans-sected by some acutely acting injury, voluntary micturition is completely 
abolished The activity of the detrusor muscle remains m abeyance for a 
long period, but sphincter tone returns very soon At this stage the bladder 
responds to filling in the same way as the dead organ (p 768) or like an 
elastic bag Retention of urine is therefore complete from an early stage 
If no catheter is passed, the bladder becomes increasingly overstretched 
The sphincter is finally forced open by the high intravesical pressure and 
small quantities of urine escape at frequent intervals — a condition of “ reten- 
tion with overflow ” Owing to the excessive stretching of the bladder wall, 
its nutrition suffers and it becomes very prone to infection Cystitis may 
occur, and death results from the usual complications of ascending urinary 
infection If the inflammation is of a lower grade, the bladder shrinks and 
the musculature is so damaged m consequence that it becomes incapable 
of ever again responding normally to internal stimuli , it contracts at 
irregular intervals and evacuates small amounts of urine 

If the bladdei is cathctenzed within 24- hours of the spinal injury, fitful 
evacuation of urine may occur at intervals, but most of the urine has to 
be drawn off As recovery occurs, the bladder responds with increasing 
force to distension with urine so that the pressure rises sharply , but if a 
constant volume is left in the bladder the pressure rapidly falls again Iu 
the course of time, reflex micturition becomes more perfectly established 
The volume of urine present m the bladder before reflex evacuation occurs 
shows wide individual variations If the subject takes a deep breath his 
bladder, which usually empties at a content of eg 3S0 c c , may empty when 
it contains no more than eg SO c c Similar results follow when the flexor 
reflex is elicited or the glans penis is stimulated (p 692) Reflex evacuation 
can often be produced when a catheter is in position, though it may be 
impossible otherwise Presumably m such cases the coordinated inhibition 
of the sphincter has not yet been established, and the detrusor muscle is 
unable to overcome the resistance of the sphincter 

When the functional activity of the isolated region of the spinal cord 
becomes depressed through toxaimia, reflex bladder activity passes off in the 
reverse order m which it has returned , the detrusor weakens first (with 
retention and overflow), and finally sphincter tone is lost, and dribbling results 
A similar state of affairs develops in any condition associated with extensive 
destruction or inflammation of the distal end of the spinal cord 

Effects of Obstruction — Obstruction to the outflow of urme from 
the bladder may be due to anatomical obstacles {eg enlarged prostate or 
urethral stricture) or to functional derangements {eg a tonic sphincter with 
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a relatively weak detrusor) , retention of urine consequently tends to occur, 
and the intravesical pressure rises till it causes expulsion of the urine When 
i the obstruction is mechanical, the stretching of the bladder wall acts at 
first as a growth stimulus resulting m hypertrophy of its fibres and increase 
in their expulsive power, which for a time enable the obstacle to be over- 
come But when, finally, the bladder wall is overstretched, it becomes para- 
lysed, and normal evacuation no longer takes place At first, small rhythmical 
contractions may occur and account for some dribbling, but m the mam the 
escape of urine is due to overflow from the overfilled organ This is referred 
to as retention with overflow, or passive incontinence 
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DIGESTION 

SECRETION OP DIGESTIVE JUICES 1 
THE SALIVA 

Innervation of the Salivary Glands — This is described on pp 709, 714 
The sympathetic fibres reach the glands along the coats of the blood vessels, 
the excitor cell station being m the superior cervical ganglion The parotid 
gland receives parasympathetic fibres from the inferior sab vary nucleus 
along the glossopharyngeal nerve , the excitor cell station is the otic ganglion 
which sends postganglionic 'fibres in the auriculo-temporal nerve to the 
gland The submaxillary and sublingual glands receive parasympathetic 
fibres from the superior salivary nucleus through the pars intermedia and 
chorda tympam , the excitor relay station is in nerve cells which he m the 
vicinity of the glands 

The parotid gland secretes a watery juice which is chiefly used for moisten- 
ing the food The submaxillary and sublingual glands produce' a sticky 
juice which is rich in mucus 

Stimulation of the sympathetic is said to produce histological changes in 
the parotid gland and constriction of the arterioles The parasympathetic 
fibres are secretomotor i e they cause the secretion of salts and water, and 
dilatation of arterioles 2 Secretion of sahva is normally produced reflexly as 
a result of the taste, sight, thought, or smell of food 3 

Functions of Saliva — These are mechanical and digestive Saliva aids 
mastication and swallowing,, it facilitates speech, and helps to dilute irritants 
and to cool excessively hot foods The unimportant digestive action of 
ptyalin takes place mainly in the stomach and is concerned with the initial 
stages of the hydrolysis of starch (p 835) 

The relation of dry mouth to thirst is considered on p 68 

1 Pavlov, Worh of Digestive Glands, 2nd edn , London, 1910 Babkin, Secretory 
Mechanism of Digestive Glands, 2nd edn , New York, 1949 Grossman (Hormones of 
Alimentary Canal), Physiol Rev , 1950, 30, 33 

2 For discussion of the changes which take place m these glands during activity, see 
p 20 , see pp 075 el seq for use of sahvary secretion in the study of conditioned reflexes 

3 (Esophago Salivary Reflex — If the oesophagus is cut and its distal portion is 
stimulated, an abundant flow of sahva results This reflex depends on the integrity of the 
vagi The importance of this reflex is that it enables any bolus which is held up in the 
oesophagus to be v ashed on Peristalsis cannot be initiated in the oesophagus by means of 
mechanical stimulation , but when the reflexly secreted sahva is swallowed, it sets up the 
processes of deglutition which result m coordinated contraction of the oesophagus, and 
the bolus is moved on In carcinoma of the oesophagus, salivation, reflexly produced in 
the way described, is c common symptom 

Gastro Salivary Reflex — When food is introduced into the stomach of a dog with 
precautions to avoid psychic impressions, a flow of sahva occurs after an interval of 
20 minutes 
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SECRETIONS AND FUNCTIONS OF GASTRIC JUICE 

Gastric Mucous Membrane — Three types of glands arc found m the 
gastric mucosa (Figs 113, 508) 1 

(1) The cardiac glands occupy a zone a few millimetres wide near the cardiac 
orifice of the stomach , they are mucus secreting glands resembling those of 
the pylorus Nothing is known about their.function on control 

(2) The pyloric glands commence 
at the mcisura angulans on the lesser 
curvature , on the greater curvature 
they generally begin at apomt consider- 
ably nearer to the pylorus The ducts 
are long and the gland alveoh short , 
the latter resemble Brunner’s glands of 
the duodenum and secrete an alkaline 
fluid which is rich m mucus and has 
considerable neutralizing power but is 
poor in chloride and digestive enzymes 

Peripheral vagus stimulation (and 
m some species sympathetic stimula- 
tion) leads to secretory activity m 
this region , little is known about the 
general regulation of pyloric secretion 

(3) M am gasl nc glands — The rest 
of the gastric 'mucosa (in the fundus, 
body, and part of the pyloric region) 
contains what may be called the mam 
gastric glands (often referred to mis- 
leadingly as fundic glands) The ducts 
are short and the gland alveoh are long , 
the latter are lined by two types of 
cells the chief or peptic which secrete 


mg goblet cells , there are also many 
mucous cells m the necks of the glands 

The mam gastric glands secrete tkefluid generally called the gastric ]uice 
This contains (Fig 59) 

( 1 ) A strongly acid solution from the oxyntic cells containing 0 4-0 5% 
HC1 (? c stronger than 0 In which is 0 35%) and varying little m composi- 
tion 2 , it is essential for peptic digestion and has some antiseptic action 3 

* The arrangement of the muscle fibres of the stomach is described on p 807 

: Experiments on isolated gastric mucosa (frog) show that the oxyntic cells can secrete 
HC1 at a concentration of 0 16 n (y>H= 1 4) 

5 Bacteria up to 100,000 organisms per c c may also be found, chiefly bacillus coh, 
staphylococci, and non haemolytic streptococci The bactericidal power of the gastric juice 
probably prevents virulent organisms (e g hmmolytic streptococci) from entering the 
duodenum alive 


pepsin (from an inactive precursor, 
pepsinogen ), and the ovoid parietal or 
oit/nitccells which secrete HC1 (Fig 508) 
(4) The surface lining of the stomach 
consists of columnar epithelial cells 
between which he many mucus secret- 


MUCOUS CELLS 



PREGANG 

VAGUS 


Fig 508 — Diagram of Nerve Supply of 
Gastric Mucosa and of Chemical 
Transmitters Concerned 

Pregang Vagus preganglionic fibres of vagns 
end m Meissner s plexus Transmitter is 
A Ch (acetylcholine) 

Postganglionic fibres from Meissner s plexus end 
m gland cells Transmitter to peptic cells 
is acetylcholine , to oxyntic cells it is 
acet}lcholme {-f histamine ’) 
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(u) Pepsin (and perhaps rennm and lipase) from the chief cells Pepsin 
(in the presence of HC1), breaks proteins down to peptones '(p~ S78) -Rennm 
curdles milk , it acts on the caseinogen of milk and, m the presence of ionic 
calcium, insoluble calcium caseinate is precipitated 
( 111 ) Inlnnsic faciop (in man) (p 201) 
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Fig 509 — Effect of Continued Vagus 

Stimulation on Gastric Secretion (Bov, 10 
and Vineberg, Quart J exp Physiol , 
1935, 25 ) 

Dog peripheral \agus stimulated for 0 hours 
The ordinates from aboae downwards are 

( I ) pepsin in nrlntrarj units, 

(II) volumo of gastric juieo in c c , 

(lit) total HC1 in g , secroted per hour 

Koto the increase in all three values 


(iv) Mucin, both dissolved and 
visible, from the superficial and 
neck cells 

Peripheral or reflex vagal stimu- 
lation causes simultaneous secretion 
of the enzymes, HC1, and mucus 
from the mam gastric gland area 
(Fig 509) , these constituents are 
not necessarily always secreted in 
the same proportions The secretion 
is accompanied by vasodilatation 
the mucosa becomes rose red m 
colour 

The gastric mucosa also releases 
several hormones into the blood 
stream The best known are gastrin 
and enterogastrone 

The chemical transmitter of the 
vagus to the stomach (as elsewhere) 
is acetylcholine (p 719, Fig 508) 
After meals or vagus stimulation 
normal gastric juice also contains 
histamine which is unrelated in 
amount to the histamine concentra- 
tion in the blood 1 The physiological 
significance of this histamine con- 
tent is uncertam, but it has been 
suggested that m the case of the 
oxyntic cells of the stomach two 
chemical mediators are successively 
involved stimulation of the vagus 
first releases acetylcholine , this 
m turn releases histamine which 
penetrates into the oxyntic cells 
to cause a discharge of HC1 (Fig 
508) , some of this histamine 
secondarily escapes into the gastric 


juice 

Collection of Pure Gastric Juice — In animals (dog) the following 
procedure is employed A special stomach pouch is prepared as described bj 
Pavlov (a Pavlov pouch (Fig 510)) A small pouch of the stomach is separ- 
ated from the mam body of the organ by a double layer of mucous membrane , 
the open end is brought up to the surface of the body The nervous and 
vascular connections of the pouch are left intact Pure gastric juice unmixrd 
Code, Hallenbeck, and Gregory, Amer J Physiol , 1947, 151, 593 
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with food can be obtained from the pouch while the digestive processes are 
proceeding in the main stomach The vagus nerve is exposed in the neck under 
anesthesia and divided A few days are allowed to elapse for the inhibitory 
fibres to the heart to degenerate , for some unknown reason the vagal fibres 
to the stomach (and pancreas (cf p 790)) survive longer than those to the 
heart The peripheral end of the vagus may then be stimulated m the un- 
anaisthetized animal , a flow of gastric juice results after a short latent period, 
proving that the vagus is the secretory nerve to the stomach (Fig 509) 

Collection oe GKsteicT Juice in Man — This is usually aspirated from the 
stomach after swallowing a fine rubber tube (cf p 781) In cases of gastnc 
fistula (resulting from injury or operation), pure juice may be directly obtained 
and the mucosa can be readily inspected (p 786) 

Regulation of Secretion of Gastric Juice 1 — There are three phases of 
gastric secretion The 
first is the cephalic or 
jneryous ,phase-jduch’-is 
due to reflex stimulation 
of the vagus nerves , the 
juice so formed is called 
psychic or appetite juice 
This is followed by the 
chnmcal jfliase, which is 
subdivided into a gastn c 
and an intestinal phase 
In the chemical phase, 
hormones are absorbed 
Into ' the blood stream, 
reach the stomach again 
via the circulation, and 
modify its secretory 
activity , the hormones 
include the excitatory 
agent gastrin , and the Frc 510 — Diagram illustrating Experimental Analysis 
mhlbltsfy agent eilteroqas- of Humoral Factors regulating Gastric Secretion 

trope Absorbed products The pylonc partltl0n 18 at the pylorIC s P hinctei 

of digestion may act similarly The regulation of gastric secretion is most 
readily investigated by means of animal experiments which are described 
below , human observations will m the main be considered later (p 781) 
i Nervous Phase Appetite Juice —If the vagi are intact, the sight, 
smell, or taste of food reflexly produces a flow of gastric juice The secretion 
thus obtained is the 'psychic or appetite juice Taste is the most effective 
stimulus and sets up an inborn reflex via the brain stem , the sight and 
smell of food set up secretion by means of an acquired or conditioned reflex - 
(via the cerebral cortex (p 678)) Chewing indifferent substances not related 
to food is ineffective Appetite juice is well demonstrated m animals by the 
method of sham feeding The oesophagus is exposed m the neck and divided, 
and the two cut ends are brought up to the surface Sham feeding or dr inkin g 
can now be carried out, i c food is given which is masticated and swallowed, 
but drops out through the upper end of the cut oesophagus Appetite juice 
1 Kahlson, Brit mcd J , 1948, u, 1091 


VAGI ( cut ) 
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(in tlie dog) in response to sham feeding sets in after a latent period of 5-10 
minutes , the volume secreted reaches its peak after 1 hour and persists for 
3-6 hours The„juice is highly acid and has a high pepsin concentration 
Appetite juice is not essential to health When it has been abolished by 

section of the vagi, digestion is not 
impaired It is of value, however, m 
initiating the digestion of the food , 
some of the products of such digestion 
by releasing gastrin and perhaps m 
other ways produce a further flow of 
gastric juice {infra) 

Appetite juice may be secreted m 
man in response to the sight or smell of 
appetising food, or when a meal is 
chewed and immediately spat out, the 
secretion is usually of brief duration but 
is accompanied (as m animals) by an 
increased blood flow through the 
gastric mucosa and increased motility 
The effects of fear and anxiety are 
considered on p 786 

2 Chemical Phase Gastric Re- 
sponse to Food — If certain foodstuffs 
are introduced into the stomach directly 
via a gastric fistula (Fig 510) a secre- 
tion of gastric juice is obtained after 
a latent period of 30-60 minutes The 
volume of juice reaches its peak in 
2 hours and secretion continues for some 
hours afterwards, the juice has a high 
acid content but its pepsm content 
is lower than that of vagus j mce Under 
natural conditions the appetite juice is 
followed by the chemical response to 
the presence of food m the stomach 
Mechanism of Chemical Phase — 
The following substances produce a 
secretory response (l) meat extracts, 
(u) certain foodstuffs, e g bread, 
egg white, meat, milk, and their 
digestion products, (in) liver extracts 
Distension of the stomach also stimu- 
lates gastric secretion All these 
procedures produce their effects by 
releasing gastrin into the blood stream 
The chemical phase is not due to reflex secretion via the vagi as it persists 
after cutting both these nerves It is not due to a local reflex through e 
intrinsic gastric plexus {i e Meissner’s plexus) , thus when a suitable food 
■s introduced into the mam stomach a secretory response is , obtains A from 
a completely separated and denervated stomach pouch (Fig 510) ltu s last 
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511 — Effect of Gastrin on 
Sccrotion (Komarov, Rev 
Biol , 1943, 1, 380 ) 

Cat under clioraloso , cannulnto entire stomncli 
The gastrin preparation was histamine freo 
and had no clTcct on blood pressure Each 
arrow represents the injection of 20 mg of 
gastrin 

Records from above downwards nro 
(i) HC1 In m Eq /L , 

(U) volume of gastric juice, in c c , 

(ill) popsln in arbltrarj units, secreted per 
half hour 

Gastrin stimulates secretion of gastric fluid and 
acid, but not of pepsm Tho rosponso is not 
annulled by atropine (cf Fig 522) 
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experiment also proves that the_chemical excitants do not stimulate the 
gastric glands by a direct action “ It may be concluded therefore that a 
hormone (gastrm) is absorbed 
into the veins, enters the general 
circulation and reaches the gastric 
glands via their arterial blood 
supply 

The structures which form and 
release gastrm into the circulation 
have not been identified , their 
site can be deduced by indirect 
methods 

( 1 ) Extracts of the pyloric 
region, the adjacent region of the 
body of the stomach (“intermediate 
zone”) and the duodenum contain 
gastrm 

(n) The stomach is shut off 
from the duodenum by means of 
a double fold of mucous membrane 
at the pylorus (Pig 510) The 
chemical excitants are then found 
to act most strongly when intro- 
duced into the stomach, but 
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Fig 512 — Inhibitory Effect ofFat on Gastric 
Secretory Response to Food (Data 
from Pavlov, Worh of Digestive Glands ) 

Experiments on dog with Pavlov pouch Time in 
hours after ingesting meat Vertical axis 
represents volume of gastric juice in c c secreted 
per hour by the pouch 

thnv nro nkn pffpotive thrill 0 b tn a Upper curve after eating 400 g of meat 
tney are aiso^ eilCCulVC, onougn ro^a er curV e same meal eaten 1 5 hr after intro 

duction of olive oil into the stomach Note 
marked inhibitory effect of the oil on the gastric 
response 


less extent, when introduced directly 
into the duodenum , they are 
inactive when introduced into the 
rectum The chemical response can thus be divided into a gastric and an 

intestinal phase 

( 111 ) An isolated denervated 
pyloric pouch is prepared If 
it is mechanically distended 
the mam stomach responds 
by secreting juice This ex- 
periment proves that the 
pylorus releases gastrm , this 
region is probably the mam 
site of gastrin formation 

Gastrin — Gastrm is a 
protein of low molecular 
weight, closely resembling 
secretm (p 792) m its chemical 
properties , it is free of 
histamine and has no effect 
on the blood pressure It 
stimulates the stomach to 
secrete a juice which is poor 

on 
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Fig 513 — Inhibitory Action of Urogastrone on 
Gastric Secretion (Friedman and Sandweiss, 
Amer J dig Dis , 1941, S ) 

Experiment on dog gastric juice aspirated 

Upper continuous line = control = response to Injections 
of 0 1 mg /kg of histamine subcutaneously hourly 
Lover broken line = response to same injections, but 
at arrow, urine extract (urogastrone) uas Injected 
^otc Inhibition of secretion 

\ ertlcnl axis \ olurae of gastric juice secreted per hour 
100 *= 100% ~=\ olumc secreted during second hour 


< U/ 1 II I I 1 1,11 IJ 

m pepsin but rich m acid (Fig 511) , it is believed to act specifically 
the oxyntic cells It has no action on the sahvary glands, pancreas, or 
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liver or on gastric motility It is effective only when injected intravenously, 
intramuscular injections induce a very scanty secretion 1 

A fall of blood sugar (Fig 515) or the intravenous injection of certain 
ammo-acids (glycine, alanine, glutamic acid) increases gastric secretion of 
both HC1 and pepsin by stimulating the vagus nucleus in the medulla 2 A 
rise in blood sugar inhibits gastric secretion (Fig 516) 

Inhibitory Agents Enterogastrone, Urogastrone — The introduc- 
tion of fat into the stomach inhibits gastric secretion of both HC1 and pepsin 
in response to a meal (Fig 512) , a much greater inhibitory effect follows 
the introduction of fat directly into the duodenum Fat also inhibits the 
gastric secretory ‘response to sham feeding, injection of histamine (Fig 
515) or insulin (p 785) As the introduction of fat into the duodenum 
inhibits the secretion of a transplanted denervated gastric pouch, it must 
act through a humoral mechanism A gastric depressant agent has been 
detected m the blood of animals fed on fat A potent inhibitory extract 
has been isolated from the intestinal mucosa and called entei ogaslione , it is 
thought to be responsible for the inhibitory action of fat Ingestion of fat and 
injection of enterogastrone inhibit gastric motility too A substance similar 
to, but not identical with, enterogastrone has been extracted from the urine 
m man and called urogastrone Fig 513 shows the inhibitory action of 
urogastrone on the gastric response to histamine 3 * 

Gastric Response to Different Foodstuits — As might be expected 
from the complex mechanisms involved there is a fairly characteristic gastric 
response for each kind of food m respect of volume and composition of 
secretion 

Role of Hypothalamus — Experimental lesions of the hypothalamus 
in animals are often associated with gastric haemorrhage, erosions or 
even perforation The probable clinical significance of these results 

1 Gastrin probably docs not account completely for the chemical phase of gastric 
secretion , when the chemical excitants arc mtroduced into the stomach they produce a 
gastric juice which lias a higher pepsin content than that induced by gastrin Crudo 
pyloric extracts have been prepared v Inch contain another principle which also increases 
pepsin secretion , if this work is confirmed this substance might be called “ gastrozymin ” 
(cf pancreozymin p 793) According to Uvnas (Acta physiol scand , 1942, 4, Suppl 
xm) gastrin (or some associated pyloric hormone) is also linked up with the gastric vagal 
secretory mechanism The vagal fibres which suppl} 7 tho pylorus are alleged to stimulate 
the release of gastrin , i e though gastrin is released mnmJy by chemical factors it is also 
released to a minor extent by nervous factors It is claimed that circulating gastrin must 
bo present if the vagus is to exert its secretory action on the main gastric glands If the 
pylorus is excised, deprived of its blood supply, or poisoned with cocaine, stimulation of 
the vagus in tho fastmg animal fails to elicit the usual piofuse flow of an acid- and pepsin 
rich, juice from the mam gastric glands , but if gastrm is infused into these animals 
(m concentrations which in themselves are ineffective) concurrently with vagal stimula 
tion, the normal response characteristic of tho intact animal is obtained It is argued that 

gastrm is part of the transmission mechanisms at the vagal terminals in the stomach 
It would follow from this work that vagotomy in addition to abolishing tho nervous 
control might also depress the responses of the stomach to chemical stimuli Similarly 
pylorectomy by removmg the chief gastrm-beanng area might depress the efficacy of 
the vagal secretory control [There may be a similar relationship between the action of 
the vagi and of Secretin on the pancreas ] 

- It is surprising that glucogenic amino acids should have the same effect as a fall of 
blood sugar 

3 It is claimed that though uncooked fat (e g olive oil) inhibits gastric secretion, certain 

cooled fats stimulate secretion The point requires further study 
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(especially m relation to the production of peptic ulcers) is considered on 
pp 786 et seg 

Gastric Secretion in Man —Fasting Stomach —Beaumont, m his 
classical observations on Alexis St Martin, who had a gastric fistula following 
a grave injury to the abdominal wall, found that the fasting stomach was 
empty and contracted , he applied his tongue to the gastric mucosa but noted 
no acid taste Carlson, on the other hand, found m healthy individuals with 
gastric fistula; that the fasting stomach secretes gastric juice continuously 
at a rate of 10-60 c c per hour The discrepancy may be due partly to 
individual peculiarities and partly to the fact that Carlson s patients were 
studied with a rubber tube lying m the stomach , Beaumont observed that 
a gum elastic tube is a strong mechanical excitant to gastric secretion m 
man (this incidentally is contrary to Pavlov’s experience m the dog) 
Clinical tests of gastric secretory function all involve the presence of a tube 
fn the stomach 

It is claimed that patients with duodenal ulcer secrete during the night 
a larger volume of gastric juice, which is also richer m acid than in normal 
people (cf p 787) 

Clinical Investigation — 1 Fractional Test Meal — The course of 
gastric secretion in man can be followed by means of the fractional 
test meal A fine flexible rubber catheter is swallowed first thing m the 
morning, no food having been taken since tbe previous evening Tbe resting 
contents of tbe stomach are aspirated with a syringe The stomach is washed 
out with distilled water which is withdrawn A pint of thin gruel is swallowed 
and 10 c c of gastric contents are aspirated at intervals of 15 minutes until 
the stomach is empty Each sample is examined to determine the free HC1 
and total acidity The results are plotted m the form, of a curve (Fig 514) 1 
A careful distinction must always be drawn between gastric contents and 
pure gastric juice The contents of tbe stomach consist of varying propor- 
tions of acid juice secreted by tbe mam gastric glands, mucus and alkali 
secreted by the pyloric glands, swallowed saliva, swallowed food, and pan- 
creatic and intestinal juices which have regurgitated through the pylorus 
(l) Resting Gastric Contents — After a night's fast, the stomach contains a 
varying volume of fluid, 30 c c on the average , free HC1 can usually be 
demonstrated (so-called fasting secretion (cf supra)) The fluid consists of 
gastric juice, saliva, and mucus, and may be stained with bile which has 

1 The technique is as follows To 5 c c of gastric contents a few drops of Topfer’s 
reagent (dimethyl ammo azo benzene) are added A bright red colour indicates the pres 
ence of free HGl Titrate with 0 In NaOH till the solution becomes lemon-yellow 
The results are always expressed in terms of tbe volume of 0 In NaOH which neutralizes 
100 c c of gastric contents (or the equal number of c c of 0 In HC1 which have been 
neutralized) Add a drop of phenolphthalexn, and run m more NaOH till the solution 
goes pink , this gives the total acidity The difference between tbe free HC1 and total 
acidity is a measure of the HC1 which is organically combined with mucm and protein 
(and of any abnormal acids like lactic acid, which may be present) The total acidity 
usually exceeds the free HC1 by about 10 c c of 0 In HC1 

In addition, the total chloride content may be determined , this represents the sum of 
the free and combined HC1 and tbe nwigamc chloride, the last is mainly produced bv 
neutralization of the gastric HC1 by alkali J 

AH samples arc tested with iodine for the presence of starch, to determine the emptying 
rate of the stomach When the starch reaction is no longer obtained (usually after 21 or 
hours), it is assumed that all the gruel lias left the stomach A careful note is also made 
oi tiie appearance of bile and mucus (or abnormal constituents, e g blood) 
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regurgitated from the duodenum If the stomach has been secreting rapidly, 
the stomach contents may sometimes approach m composition that of pure 
gastric juice 

(u) Ingestion of the pint of gruel usually lowers the free acid almost 
to zero level, owing to (a) dilution of the gastric juice , (b) its neutralization 
by swallowed saliva , and (c) its combination with the organic substances 
m the meal 


(m) The acidity then usually slowly rises, and after H hours reaches 
0 1% HC1 (equivalent to 30 c c of 0 In NaOH per 100 c c of gastric contents) 
on the average The presence of the food and water m the stomach has thus 
called forth a second flow of gastric juice (chemical phase) , as this secretion 
is added to the stomach contents, the acidity slowly rises (Fig 514) Sub- 

. sequently the curve of acidity may 

starch 0/ go on rising or, on the contrary, 

H Q may fall rapidly after the initial 

100 ' " rise » some cases show very httle 

A / - o 327 rise even at first 

80 . J Factors influencing Acidity 

J Curves — It is hardly surprising 

^ - 0 255 that the acid curves obtained show 

^ 60 ' r ' such wide variations in normal 

q / - o 182 subjects The following factors 

* 40 i / \ . probably play a part 

£ \ A*' '•'* '• (l) The quantity of acid secreted 

A -oio9 m response to the meal m some 

20 A , , - people the stomach secretes a 

- \ '/ -- - o 036 large, in others a small, volume 

o . _ * _7 v - _ ... of juice (The HC1 concentration 

, , o ( ( m the juice as secreted is probably 

v 2 | jt /2 2 2 1/2 fairly constant, i e over 0 In, 

hours about 0 4-0 5% ) Other things 

Fig 514 —Fractional Test Meal (Bennett and being equal, the larger the amount 
Rj le ) of HC1 which is secreted and thus 

Ordmate c c of N/io nci (left) or g of nci (right) in added to the gastric contents the 

su ,S^ HC. in 60 tor higher will be the concentration of 

TSmtfne'"'®. “.%*.£?, A small percentage 

The emptjing time of stomach is measured b\ tlio of normal subjects secrete no HOI 
disappearance of starch (in this Fig after 2 hours) at all ( curve p lg 514 ) 

(u) The rate at which the gruel leaves the stomach if the gruel leaves 
rapidly and the stomach continues to secrete actively then the gastric contents 
approximate more and more closely to pure gastric juice with its high acidity , 
the result is a “ climbing ” curve like A m Fig 514 

The above factors influence the rate and extent of the use of mtragastric 
acidity, they obviously cannot pxoduce the fall of acidity which usually 
occurs during the latter half of the test This decline can only be brought 
about by neutializalton of the acid gastric contents by alkali lhis ulkau 
is derived to some extent from regurgitated intestinal juices but comes mamly 

from the alkaline secretion of the pyloric glands . 

(m) Role of Regurgitation of Intestinal Contents — Intestinal content 

sometimes regurgitate into the stomach (p 810) , this is proved by the not un- 
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common occurrence of bile m some of the aspirated samples (usually the later 
ones) The upper duodenum contains alkaline juices secreted by the liver, 
pancreas, and the intestinal mucosa When this alkaline fluid enters the 
stomach it neutralizes the gastric HC1 and so lowers gastric acidity A “ flat ” 
test-meal curve may be due to free regurgitation, while a “ climbing ” curve 
is favoured by absence of regurgitation 

(iv) Role of Gastric Mucus and Alkali — The surface epithelial cells of the 
stomach, the neck cells of all the glands, and the alveoli of the pyloric (and 
cardiac) glands secrete mucus , the pyloric glands also secrete an alkaline 
fluid Mucus can neutralize considerable amounts of HC1 , thus if the juice 
secreted by a Pavlov pouch is allowed to remain m contact with the surface 
mucus for only 5 minutes, the acidity may fall by 25% The importance of 
mtragastnc neutralization of the gastric contents m regulating mtragastnc 
acidity is shown by this fact if the duodenal contents are steadily aspirated 
during the progress of a test meal the character of the test-meal curve may 
be entirely unaffected and the decline m acidity may occur m the usual way 1 
The c lini cal value of the fractional test meal is limited , the character of 
the curve obtained has little diagnostic value Some light is thrown by this 
means on the emptying rate of the stomach , but information about gastric 
motility is best obtained by radiographic examination Pyloric stenosis can, 
however, be diagnosed from the presence of a large volume of resting (fasting) 
gastric contents which may be dark in colour and foul as a result of putre- 
factive change The presence of blood is strong evidence of an organic lesion, 
e g ulcer or cancer 

2 Histamine Test of Gastric Function — Histamine is a powerful 
stimulant to the secretion of gastric juice , it acts mainly on the oxvntic cells 
causing secretion of an increased volume of highly acid gastric juice with a 
low pepsin content (Fig 515) The test is earned out as follows the resting 
gastric contents are first aspirated with a stomach tube and the stomach 
washed out 0 5 mg of histamine is injected subcutaneously 2 The secretion 
is continuously aspirated , the volume and acidity of each 10-mmute sample 
are determined ' 

The test is not unpleasant, though a quarter of the subjects develop 
headache Intense salivation also takes place and the subject must be careful 
not to swallow the saliva, as that will invalidate the gastric analyses Follow- 
ing the injection, the gastric acidity rises steadily to a maximum and then falls 
off Attention is paid to the following points ( mean standards are indicated 
m brackets) 

(l) Highest level of acidity obtained (102 c c of 0 In HC1) 

(n) Volume of 0 In acid secreted in 1 hour (182 c c ) 

(in) Volume of juice secreted m 1 hour (200 c c ) For (n) and (in) the 
data for the specimens collected from the 10th to the 50th minute are used 
{i e for 40 minutes m all), and multiplied by 1 5 

An injection of histamine tests almost specifically the functional state of 
the oxyntic cells , it may be regarded as mimicking the action of gastrin 
As the gastric juice is secreted rapidly and aspirated continuously, neutralizing 
factors are reduced to a minimum , the peak of acidity noted after histamine 

1 Baird Campbell and Hern Guy's Hospttal Btp , 1924, 74, 23 

2 It is very important to note that if the lmlial blood pressure is under 110 mm He? 

the test may be dangerous ° 
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injection probably represents the acid concentration of pure human gastric 
juice The test gives a quantitative idea of the activity of the gastric mucous 
membrane Histamine produces marked congestion of the mucous membrane 
in man 

In a small proportion of normal subjects (perhaps about 2%) the gastric 
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Fia 515 — Comparison of Action of Histannno and Insulin on Gastric Secretion m Man 

(Ihre, Acta med scand , 193S, 05 ) 


Records from ubo\e downwards Blood sugar in mg per 100 c c , \olumo or gastric juice (in c c per 
10 min ) , pcp 3 in concentration In each sample and total pepsin content or each sample (the last two 

Inarbltrarv units) , , , 

At first vertical pair of arrows inject 0 0 mg oriiistaminc subcutaneous]) 

At second lertical pair or arrows Inject 1G units or insulin intravenously 

Note that insulin produces a much greater total pepsin secretion and pepsin concentration, the peak 
of tiie Insulin response coincides with the maximum rail or blood sugar (down to 00 nig- / 0 ) 


mucosa is undeveloped and secretes no HC1 , the condition is called achyha 
qastnea A similar achyha (accompanied by extensive destructive changes 
in the gastric glands) is a regular accompaniment of pernicious anosmia 
(p 197) Achylia of a transient character may result from inflammatory 
conditions of the gastric mucosa The absence of free acid m the fractional 
test meal is not conclusive proof of absence of HC1 secretion as it may equally 
well be due to excessive neutralization , but a negative response to histamine, 
especially after repeated injections, is satisfactory proof of achylia 

i See Wafckmson and James, Clin Sci , 1951, 10, 255, for posable fallacies 




INSULIN TEST 


785 


Patients with, a hypertrophic gastric mucosa respond more markedly 
than normal subjects to histamine 

In cancer of the stomach, free HC1 is often absent from the gastric contents 
This is probably due to the inflamed condition of the mucosa If the interior 
of the stomach is washed to remove adherent mucus, evidence of gastric 
secretion can usually be obtained, especially m response to a histamine 
injection 

3 Insulin Test of Gastric Function — The injection of insulin (7 units 
subcutaneously) is followed in man by a marked secretion of gastric juice 
resembling that produced by peripheral vagal stimulation, i e it i s nch both 
m HC1 and pepsin content The response sets in after a latent" period of 
about 40'mihuterand~cbinc]des with a considerable fall of the blood sugar, 
eg to 70 mg-%, and the usual early signs of hypoglycsemia (p 915) such as 
dizziness or drowsiness Fig 515 shows a very striking response to the mjec- 



Fig 516 — Inhibitory Effect of Raised Blood Sugar on Gastric Secretion 
in Man (Glaessner, Amer J dig Dis , 1943, 10 ) 

Left liand curve FTM =normal response (o gruel meal 

Eight-hand (urves upper blood sugar m mg-% , lower E T M =gruel meal attw 
administration (at airou) of 100 g of glucose mtraduodcDally 
Note that acid secretory response is almost completely annulled blood sugar rises to 
270 mg-% 

tion of 1G units of insulin intravenously The gastric response is annulled 
when glucose administration is combined with the insulin injection to prevent 
the fall of the blood sugar , it is clear that insulin does not act directly on 
the gastric secretory mechanisms but produces its effects solely by virtue of 
the resulting hypoglycsemia In severe diabetic subjects even large doses 
of insulin fail to stimulate gastric secretion unless the blood sugar is reduced to 
a subnormal level Appropriate cross-circulation experiments demonstrate 
that the hypoglycsemia acts on the central nervous system and causes increased 
activity of the vagus secretory supply to the stomach The gastric response 
to hypoglycaemia is abolished, as expected, by double vagotomy (performed 
in roan for peptic ulcer) (p 789) or by suitable doses of atropine Insulin 
injection (like vagus stimulation m animals) markedly increases gastric 
vascularity m man (cf p 776) 

Effect of Raised Blood Sugai — A marked rise of the blood sugar m man 
abolishes the secretion of acid by the stomach m response to a gruel test-meal 
This ’8 well demonstrated m Fig 516 , following the introduction of 100 g 
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of glucose mtraduodenally winch raised the blood sugar to 270 xng-% a gruel 
test-meal produced no acid secretion whatever 

4. Combined Insulin-Histamine Test — Insulin (eg 7 units) is injected 
first, followed 20 minutes later by an injection of histamine (0 5 mg ) , the 
gastric response sets in about 20 minutes later still This technique subjects 

— the stomach simultaneously to 

100 - 4- - - s ^ imu ^ a f iri g action of the 

vagus nerve and of the peri- 
6Q ! j / \S" ’ F ™ A ‘ pherally actmg chemical agent 

IjJ /'*'*'• . ‘ The maximum secretory powers 

Al N *’\ " ' ■ of the gastric mucosa can thus 

20 \ / *- be determined The volume 

— lJ_i — 1 — 1 — 1 — 1 — 1 — Vo . 1 1 of juice secreted during the 

5 : teo - bih - - - P e nod 40-60 minutes after the 

, fxJ insulin injection is measured, 

^ ’ 'on the whole it varies with the 

Vi 140 / \ * ‘ state of the gastric mucosa as 

o * / \ . . ftm b seen gastroscopically With a 

loo - / 4.* ■ - normal - lookmg mucosa the 

! y / «. . /^\ . volume is about 2 5 cc per 

60-1+/ *0 _ jJ _ minute and the maximum 

I acidity is eqmvalent to about 

/ " ^ 0 c c °f 0 In HC 1 (Fig 517 ) 

20 * V/ ’ When the mucosa is swollen and 

0 bo ’ ' 120 ' cr'l'o - ' 120 J hyperamne much greater re- 

minutes actions are obtained , the 

Fio 517 — Gastnc Secretory Response to Insulin v °lnme may be as high as 6 4 
plus Histamine (From an experiment by Dr cc per minute and the maxi- 
Morton Gill ) mum acidity may exceed 0 16 n 

Orillnntc cc x/10 ITC1 per 100 c c of gastric juice or IIC1 Fig 517 also shows (as 

Urrni Itt conns (Subject. A) Left band curies A I IT would be expected) that the 

response to injection of 7 units of insulin (I) followed 20 eombuiod insulin - histamine I 

minutes later bj injection or 0 5 mg or histamine (II) COmmuea_ insulin msiamme 

at response to 7 units or insulin {i) onh stimulus produces a iar higher I 

Itight hand cunes gruel frictional tc^t meal (]? T M ) of \ i j p j f - f rroqt.mf / 

Note tliat tlic response to insulin alone (A I ) is smaller tlnn el 01 aciulu} OI wit gastric, 
the response to insulin -Hustamine (A t n ) contents than does the frac-f 
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minutes actions are i 

Fio 517 — Gastric Secretory Response to Insulin v °bime may b( 
plus Histamine (From an experiment by Dr CC per minute 
Morton Gill ) mum acidity nn 

Ordinate cc h/10 ITC1 per 100 cc of gastric juice or UC1 Fig 517 
gastric contents , , , D 

Urrm III conus (Subject A) Left hand curves A I If WOUlCl be expe 
response to Injection of 7 units of insulin (I) followed 20 enmlimorl 
minutes later bj injection of 0 5 mg of histamine (H) - -- . 

A I response to 7 units of insulin (I) onl\ stimulus produc 

Itiglit hand cun cs gruel fraction'll test meal (F T M ) of \ 

Note that the response to insulin alone (A I ) is smaller th in el 01 ACldlt} 
the response to insulin -Husinmine (A T H ) COllteuts than. 

these cun cs me from subject A with a noinial stomich and , , , , , 

normnl mucous membrane gastroscopii illj the \olumo tional test meal 

of becretion avenged 2 0 c c /min after insulin-}- Tnflinorirva nf Fmnfinnfll 
histamine injection _ irmuence OI ninoiiuiidi 

lowin ittcoiiDs (Subject n) Left hand cune bih State on Stomach 1 — Kecent 


rebponso to injection of 7 units of insulin (I) followed 20 

minutes later b} 0 j mg of histamine (H) studies OH a healthy subject 

Itight hand curve fractional test meal (r 1 M ) of B (“ Ton} ”) With a chronic gastric 

Both curves arc from subject B in whom the mucous mem \ , 1 ,1 

brine of the stonnch appeared gnstroscopIca!I> thickened llStUla iiave SllOWXl tliat) tile 
and congested Injection of hlstaniino ^insulin produced cf attiopIj in tyioti VPTV 

a higher volume of sccrotion (0 4 c e /min ) and a higher StOmaCH ill man responds ver> 

peak acidity than in the normal subject (A I H ) readily to changes in the 

The IT 1 M for B also shows a greater response than for 4 emotlonal state l’j ie degree of 


vascularity of the mucosa was determined by direct examination of its colour 
or by means of a sensitive thermocouple, alterations m gastric motility were 
suitably recorded Sudden fear, for example, produced by the entry of an 
“irate doctor muttering imprecations” caused sympathetic overaction shown 
by marked vasoconstriction and a resulting decrease m acid secretion (Fig 518 ) 

1 Wolf and Wolff, Human Gastric Function, New York 1943 
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When the subject was “ depressed with sadness and self-reproach ” he 
displayed a decreased secretory and a decreased vasodilator response to the 
ingestion of 30 c c of broth (Fig 519) 

Other kinds of emotional disturbance on the other hand led to para- 
sympathetic overaction Thus the subject was once unjustly rebuked by his 
medical employer for slowness and inefficiency m carrying out his job and 
for overcharging “ Tom ” experienced “ mounting hostility and resent- 
ment” , this emotion was accompanied 
by progressive engorgement and thicken- 
ing of the gastric mucosa, increased acid 
secretion, and increased gastric motility ^ 

(Fig 520) § 

Another striking example may be | 
quoted Dr Hoelzel, a student of gastric ^ 
function, had made some 3000 gastric o 
analyses upon himself before 1928 , “ the § 
morning gastric aspiration was as regular 2 
as washing the hands or face ” On 24th 2 
January 1928 there was an attempted ^ 
robbery at his house in Chicago (emphasis 
must be placed on the locality) and his 
landlady was shot dead Dr Hoelzel 
was responsible for the arrest of the 
culprits, and for the succeeding 10 days 
lie was m a state of acute anxiety lest 
lie might be shot by the revengeful 
accomplices of the gangsters No anally 
Dr Hoelzel’s fasting morning free gastric Fl ° 518 -Effect of Sudden Fear 

acidity varied between 0 and 0 13% (of Vascularity of the Gastric 

HC1) , on the morning of the shooting Mucosa (Wolf and Wolff, 



episode it was 0 26% and it remained 
above 0 17% during the period of anxiety 
He then moved to what he believed 
was a safe place and his free gastric 
acidity fell to within his normal range 
Peptic Ulcer — The cause of peptic 
ulcer is unknown but it is probable 
that the acid and pepsm of the gastric 


J Amer med Assoc , 1942 
120 ) 

Experiment on ' Tom (case of chronic 
gastric fistula) 

Upper record depth of colour (i c degree 
of vascularity) of gastric mucosa as 
percentage redness 
Lower record gastric acidity 
Note vasoconstriction and decreased 
secretion 


juice are factors m initiating and maintaining the ulcer The common 
sites of peptic ulcer are ( 1 ) The first part of the duodenum ( duodenal 
ulcer) (u) In the stomach, usually on the lesser curvature a few inches 
from the pyloric sphincter ( gastric ulcer) " ,jl 

( 1 ) Patients with duodenal ulcer are of a worrying conscientious disposition 
showing evidence of overactmty of the gastric vagi , thus the stomach is 
hypermotile and empties rapidly , a large volume of highly acid juice is 
secreted which is imperfectly neutralized giving a climbing type of curve m 
the fractional test meal (Fig 514, A) , an excessive volume of highly acid juice 
is secreted at night It is thought that the discharge of the very acid juice 
into the duodenum produces local damage before there is time for adequate 
neutralization to take place A similar mechanism may be responsible for 
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ulcers m the neighbourhood of the stoma of a gastro-jejunal anastomosis 
(gaslro-jcjwtal nicer) 

(u) In patients with gastric nicer , the fractional test meal shows variable 
degrees of acidity and high levels may not be attained It is probable however 
that these patients have periods of anxiety or other emotional states which 
stimulate the vagal mechanism leading to intense congestion and hyper- 
secretion , actual hcemorrhage may take place and it is not unlikely that the 
potent gastric juice may digest and so further damage any abnormal area It 
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Fio 519 — Effects of Emotion on Gastric Secretory Response 
to Food (Wolf and Wolff, J Avicr vied Assoc , 1942, 
120 ) 

Obsmntions on * Tom ’ (case of chronic gastric fistula) 

Records from aboae downwards Percentage redness of mucosa, HCI 
Bccretcd In c c of 0 lls EtCl per 100 c c 
left hand figure changes in I1C1 secreted and \nscuhrlt\ of gastric 
mucosa (Indicated ns percentage redness) In response to Ingestion of 
30 c c of broth, with the subject In a normal emotional state 
Right hand figure reduced sccrcton and Mismhr re'ponso when the 
subject was depressed with sadness nnd self rcproith ’ 


is known that hypothalamic lesions, presumably by stimulating the vagi 
may lead to gastric hemorrhage, erosion or perforation 

One of the mam agents normally protecti ng the mucosa against the 
digestive action of the gastric _acid and pepsin" is tlieTnuciis In the patient 
with' the gastric fistula (“ Tom ”) it could be shown that when the mucus 
was removed from a patch of gastric mucosa and a small injury inflicted, a 
localized ulcer resulted , such injuries were harmless when the layer of 
mucus was intact In predisposed subjects irritant constituents of the diet 
might perhaps similarly lead to ulceration 1 

Because vagal overaction may be an important causal factor m peptic 
ulcer, vagotomy has been carried out on many patients 

Results of Vagotomy 2 — Both vagi are severed, usually where they 


1 Pain of peptic ulcer is discussed on p 76S 

~ Cameron, Amec J med Sc i , 1947, 214, 202 , 
1947, 123, 741 , Walter et al , ibid , 1948, 136, 742 


Moore el al 


J Amcr med Assoc , 
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/’he on the surface of the lower part of the oesophagus When the resection is 
' [completely performed no gastric secretion occurs m response to injection of 
'insulin, the sight or taste of food, or emotional disturbances The chemical 
phase of gastric secretion and the 
response to histamine are probably 
unaffected In duodenal ulcer cases 
the volume and acidity of the night 
secretion are reported to be reduced , 
if these observations are sub- 
stantiated they would indicate that 
reflex vagal secretion can occur 
even during sleep Initially gastric 
tone and motility are greatly 
diminis hed , the emptying time of 
the stomach is increased from 2-3 
hours to 12-24 hours or longer 
The patient complams of fullness, 
occasionally of nausea, and belches 
up large volumes of gas, often 
foul-smelling If slight pyloric 
narrowing is present before the 
operation the weakened stomach 
movements resulting from vagotomy 
may lead to prolonged retention 
of the gastric contents The empty- 
ing time of the gall-bladder is 
unaltered Surprisingly, diarrhoea 
has been frequently noted (although 
the vagi are motor to the small 
intestine and proximal colon) 

Gastric motihty is said to return 
to normal after about one year 

The results of vagotomy prove 
that the vagi do not carry afferent fibres from the alimentary canal 
After the operation the threshold for pain produced by distension (with 
a balloon) of oesophagus, stomach, duodenum, or small intestine is 
unchanged The patient can vomit and experiences appetite, hunger, 
loss of appetite, fullness of the stomach, and pam due to an unhealed 
ulcer (p 763) 

The clinical results in suitably selected cases have been encouraging 
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Fig 520 — Effects of Emotion on Gastric 
Motility and Blood Supply of Gastric 
Mucosa (Wolf and Wolff, J Amer 
med Assoc , 1942 , 120 ) 

Observations on Tom (case of chronic gastric 
fistula) 

Upper record percentage redness of mucosa 
Middle record gastric acidity m c c of 0 IN HC1 
per 100 c c of gastric juice 
Lower record motility of stomach 
In association with the feeling of hostility and 
resentment there is an increase In gastric 
motihty, increase in volume of HC1 secreted, 
and increased vascularity of the gastric 
mucous membrane 


SECRETION AND FUNCTIONS OF PANCREATIC JUICE 1 

The pancreas is a dual organ , the externally secreting alveolar tissue 
forms pancreatic juice , the islets of Langerhans (p 909) form an internal 
secretion, insulin 

Collection op Pancreatic Juice — In animals the secretion may be 
Thomas, External Secretion of the Pancreas, Springfield, 111 , 1950 
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collected m adhle experiments by introducing a cannula into the pancreatic 
duct A permanent pancreatic fistula is prepared by transferring the duct 
papilla with a portion of the surrounding duodenal mucous membrane to 
the surface of the abdominal wall 

In man 1 pancreatic secretion has been studied m cases of pancreatic 
fistula, following some upper abdominal operation More indirect informa- 
tion is obtained by aspirating the duodenal contents especially after injecting 
substances which stimulate pancreatic secretion 2 Ab the duodenal fluid is 
a mixture of pancreatic juice, bile, and succus entencus in varying proportions, 
the results must be interpreted critically 

Composition or Pancreatic Juice — Pure pancreatic juice is a colour- 
less, transparent, viscous fluid which is alkaline (pH 8 4) due to the presence 
of NaHC0 3 (0 3-0 65%) In man it is estimated that 500-1200 c c containing 
about 8 g of NaCI are secreted in 24 hours The juice contains protems 
(of the albumin and globulin types) and three mam enzymes, trypsin, lipase, 
and amylase The juice which is secreted m response to vagus stimulation or 
injection of pancreozymin is viscid and rich in enzymes , the juice produced 
by injection of secretin is more w atery, highly alkaline in reaction, and poor 
in enzymes Pig 59 show's the ionic pattern of pancreatic juice 

Functions or Pancreatic Juice — (i) NaIIC0 3 is present in such con- 
centration that it neutralizes the acid present in an approximately equal 
volume of gastric juice The reaction of the small intestine is thus prevented 
from becoming excessively acid (cf p 862) 

(ii) Trypsin is a powerful proteolytic enzyme which acts best m an 
alkaline medium but retains its activity m a sbghtly acid medium , it 
breaks down proteins to polypeptides and, given tune, may liberate certain 
ammo-acids, e g leucine, tyrosine , it also curdles mill Juice collected 
directly from the pancreatic duct (without coming into contact with the 
duodenal mucosa) is inactive, because it contains not trypsin, but a precursor 
called irypsmogen The latter is activated by enterohnase, a constituent of 
the succus entencus (Cf thromboplastin, p 142 ) Other protein-hydrolysing 
enzymes, e g chymotrypsin (which mainly resembles trypsin m its action) 
and “ erepsm ” (p 879) may also be present 

(m) Amijlase converts all forms of starch rapidly into maltose (p 835) 

(iv) Lipase splits neutral fats (triglycerides) to diglycerides, monoglycerides, 
and free fatty acids, and glycerol Bile greatly increases the activity of the 
enzyme which may be secreted largely in the form of an inactive precursor 
(prolipase) 

Regulation of Pancreatic Secretion — i Nervous Phase — There 
is a small continuous secretion of juice m the fasting animal , the mechanism 
is unknown Within a few minutes of taking food m the mtact animal the 
flow of pancreatic juice is increased for 10-20 minutes This response depends 
on reflex stimulation of the vagi (from the mouth) Similarly stimulation 
of the peripheral end of the cut vagus (using the technique described on 
p 777) sets up a flow of enzyme-rich juice This activity is accompanied by 
shrinkage of the gland cells and disappearance of the contained granules 
2 Chemical Phase — The introduction of certam substances, particularly 

1 M'Caughan, Senner and Sullivan ,Arch mt Med , 1938, 61, 739 

2 A combmed stomach and duodenal tube may be used (Rusch) , the gastric contents 
are aspirated by continuous suction to prevent them passmg mto the duodenum 
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acid, fat , and bile, mto the stomach or intestine of experimental animals 
calls forth a further secretion of pancreatic juice They all act only on coming 
into contact with the duodenal mucosa 

( 1 ) Acid — 0 5% HC1 is very effective , weakersolutions produce a smaller^ 
response Secretion begins after a latent period of 2-3 minutes (Fig 521), 
rapidly reaches its peak after 30 minutes, and goes on at a diminished rate 
for another hour This so-called “ acidjuice ” (i e pancreatic juice secreted 
m response to acid) is highly 
alkalinejmjreaction an d has a 
lo\veT^'~enzynie^ content . than 
vagus juice 

(n) Fat is as effective as 
weak acid 

(in) Bile — The active princi- 
ple is the bile salt There is a 
considerable degree of correlation 
under natural conditions be- 
tween the rate of inflow of 
bile mto the intestine and the 
rate of pancreatic flow 

There is no evidence, however, 
that either achylia gastnca or 
exclusion of the bile from the 
intestine is associated with a 
decreased secretion of pancreatic 
juice 

(iv) Water, _ even__m_large 
volumes, and- irritants (pepper, 
mustard) a renn effective Allah 
i nhibits p ancxeatiC-secretion~" 

"Mechanism of Chemical 
Phase — The chemical phase is 
due to the release of one or more 
hormones ( secretin , 'pancreozymin ) 
from the intestinal mucosa into 
the portal blood , they reach the 
pancreas via the systemic circula- 
tion , nervous connections play 
no part m the reaction The 
experimental proof is as follows 

(i) The spinal cord and sympathetic ganglia m the abdomen are destroyed , 
a loop of jejunum is isolated and its nerve supply is destroyed without 
interfering with the blood supply T 1 J 3 r* ~~ 
causes a flow of pancreatic juice ’ • , "the 

loop and the pancreas are severed, and as intravenous injection of acid has 
no secretagogue action, the acid can only act by releasing a hormone into the 
circulation 

(n) A transplant of a jejunal loop is prepared , the tail of the pancreas 
is also transplanted to the surface New blood vessels grow into these com- 
pletely denervated transplants which function normally The introduction 



Fig 521 — Chemical Phase of Pancreatic Secre 
, tion (Data from Pavlov, Worl of Digestive 
Gla nds ) 

Dog with pancreatic fistula The volume of pancreatic 
juice secreted m th e first hour after the introduction 
of other substances into the stomach was as follows 


0 5% HC1 
0 1% HC1 
oil 

red pepper 

mustard 

water 


26 c c 
10 c c 
10-13 c c 
0 
0 
0 
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of an HC1 solution into the isolated jejunum causes tlie denervated pancreas 
to secrete 

(in) Using cross-circulation methods the portal venous blood leaving the 
small intestine can he shown to contain a secrctagogue substance which 
stimulates pancreatic secretion 

The identity of the structures m the intestinal mucosa which form and 
release the hormones has not been determined 



i Agren and Lagerlof, Act med sand, 1936,90,1 Hammarsten, Igren and Lagerlot, 
Art Jed irand 1037 92, 266 Comfort and Ostorberg Arch xni med 1 940 , , 66, bSS 
= Secretin Test of Pancreatic Function —On the whole this method of mvestiga 
tion has yielded disappointing results In cases of obstruction of the pancreatic d 
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Pancreozymin 1 — This substance which is also extracted from the upper 
small intestine produces on injection the same effects as vagal stimulation , 
i e there is a flow of juice rich m enzymes, and degranulation of the pancreatic 
cells occurs The action of the hormone is not annulled by atropine 

The effects of vagal stimulation and of pancreozymin can be imitated 
in man by injection of a slowly acting acetylchohne-like substance, eg 
mecholyl Injection of mecholyl (which acts at the vagal terminals) has a 
slight effect on the volume of duodenal fluid (Fig 523), but produces a 
marked and prolonged increase in the output and concentration of all the 
pancreatic enzymes (by a direct effect on the pancreas) (Fig 524) 
Influence of Diet on 
Pancreatic Secretion — As 
the relative activity of the 
vagal, secretin, and pancreozymin o 40 

mechanisms probably vanes k. 

under different circumstances 1; 

it is not surprising to find that 30 
the ingestion of different foods 5 
in animals produces a pancreatic 
juice which varies m volume and § 20 

composition Meat elicits a large q 

volume of juice rich in alkali § ]0 

and poor m enzyme concentra- ^ 

tion Fat or milk produces a 
moderate volume of juice with a 0 

low alkali and high enzyme 20 o 20 40 60 



concentration Bread produces 
an intermediate response (Fig 
525) 

Control of Pancreatic 
Secretion in Man 2 — In a few 


MINUTES 

Fig 523 — Effect of Secretin and of Mecholyl 
( = Vagal Stimulation) on Volume of Duodenal 
Contents in Man (Comfort and Osterberg, 
Arch mt Med , 1940, 66, 693 ) 


cluneal cases of pancreatio fistula 

attempts were made to study the factors controlling pancreatic secretion 
in man The flow was continuous but at a low level between meals , it 
was markedly increased for about 3 hours by taking food (whether it was 
rich m protein, fat, or carbohydrate) 

Complete Extirpation of Pancreas in Man 3 — This operation has been 
successfully performed m cases of malignant disease of the pancreas The 
resulting diabetes melhtus is considered on p 917. The absence of the ex- 
ternal secretion produces important digestive disturbances, leading to the 
loss of large amounts of fat and organic nitrogenous substances The fieces 


(e g by calculus) secretin elicited a poor response, i e there was only a small increase in 
the volume of duodenal fluid In most cases of chronic pancreatitis no deviation from the 
normal range was observed In cancer of the pancreas there was a subnormal secretion 
of bicarbonate 

^'Harper and R aper> j Physiol , 1943, 102, 115, Harper and Mackay, ibid, 1948, 

2 McCaughan et al , Arch mt Med , 1938, 61, 739 , Arch Surg , 1941, 43, 269 

ln ,! Y )i^Sl7 ; nJ > Proc Staff Mayo Clin , 1946, 21, 25 , Gaston, New England J Med 
194b, 23 6 , 345 ’ 
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arc bulk y, light jn colour, soft, occasionally loose or watery, and sometimes 
foul smelling , one to three Btools are passed daily The weight of f local 
solids is 80-120 g per day, or about three times the normal (cf p 814) 

( 1 ) On a daily fat intake of 100 g , 5-7 g are normally lost m the faeces , 
in an operated case on a daily fat intake of 70 and 100 g , 86 and 48 g were 
lost m the faeces 

The fat digestion (and absorption) that continues m the absence of 
pancreatic lipase is duo to the action of gastnc and intestinal kpase 

The proportion of split to unsplit fat (i e fatty acid to triglyceride) in 
the feces vanes, but frequently the split fat may constitute up to 80% of 




20 


20 40 

MINUTES 

B 


60 


Fid 624 — Effect of Sccrotin and of Mecholyl {= Vngal Stimulation) on Concentration and 
Total Output of Pancreatio AroyJnso in Man (Comfort and Osterberg, Arch ml 
Med , 1940, GG, 697 ) 


Duodenal contents aspirated 

Vertical axis la A concentration ot amylase per ec of duodenal contents , in B Mat amylase in each 
10 minute sample Amylase in nrWtrnrj units 

Mccholji produces a more concentrated juice and a larger total secretion of enzyme than secretin Fall of 
enzyme concentration (In A) and marked Increase or total eDz>mo (in B) brought nbout b> sccretia 
indicates the secretion of a large i olumo of fluid 


the total fat lost This result is surprising m view of the poor absorption 
that is taking place , it is attributed to the lipolytic action of bacteria in the 
colon , these also continue to act on the fieces after they have been passed , 
of course no fat absorption can take place m the large intestine 

(n) The normal amount of fecal nitrogen passed daily is 1 5 g or less, 
corresponding to about 10 g of protein (much of this represents the protein of 
the fecal bacteria) In an operated case on a daily protein intake of 100 g , 
4-8 g of N were lost daily, corresponding to 25-50 g of protein Pancreatic 
proteolytic enzymes can then be partially but not wholly replaced by gastric 
pepsin and intestinal erepsm 

(in) The.. digestion and absorptionjof carbohydrate _ is normal , thus 
pancreatic amylase can be wholly replaced by intestinal enzymes 

(iv) The imperfect digestion and absorption of fat and protein may lead 





RESULTS OF PANCREATECTOMY 


795 


to a loss of 20-35% of the ingested calories The administration of pancreatic 
digestive extracts by mouth may halve the loss m the faeces 

(v) In animals pancreatectomy is followed by the development of fatty 
liver (p 868) 

No hepatic disturbances were noted however m these cases, m spite of 
the absence of the pancreatic hpotropic substances (p 868) even m a patient 



Fia 525 — Pancreatic Response to different Foodstuffs (Data from Pavlov, Work of 

Digestive Glands ) 

Experiments on dogs with pancreatic fistula Curves show volume of pancreatic juice (c c /hour) and 
concentration of pancreatic enzymes (in arbitrary units) in response to eating meat, bread, and milk 


who refused to take hpotropms But it is wise to administer extra hpotropms 
in the form of egg yolk, choline, and methionine , extra calories should be 
given to make good the fraction lost m the faeces 

Similar observations have been made in children with congenital pancreatic 
deficiency (fibrocystic disease of the pancreas) 1 

^ 1 tn Iras severe pancreatic disease the digestive disturbances are correspondingly 
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SECRETION AND FUNCTIONS OF SMALL INTESTINE 1 

Methods — To investigate the factors controlling the secretions of the 
small intestine m unansesthetized animals, a loop of intestine is separated and 
both free ends are sutured into the abdominal wall , the continuity of the 
bowel is restored , the secretion of the loop can be collected and studied In 
man, the small intestine can be blocked in two places by means of balloons , 
by suitable devices the intestinal contents above the proximal balloon or 
between the two balloons can be aspirated and examined 2 
^Duodenal Juice — Brunner's glands are the distinctive histological 
feature of the duodenum , they secrete an alkaline juice rich m mucus, 
resembling that formed by the structurally similar pyloric glands Secretion 
is increased by va gus st imulation, injection of secretin (p 792), or by perfusing 
the du odenaLlumen wifh~a dilute solution of HC1_ Transplanted isolated 
duodenal loops are dry at reit, but - secretcTbriskly after ing estio n of food 
(which of course does not enter the loop) , the response to food is^rtljnmdeF 
nervous and partly under hormonal control 

v Intestinal Juice — Succus entencus (like duodenal juice) is an alkaline 
fluid (Fig 59) containing mucus and two enzymes, enteroLinase and amylase , 
certain other important enzymes, which complete the digestion of the food- 
stuffs, are present in the lining cells of the intestine, namely 
% (l) Erepstn, a mixture of several specific enzymes, acts principally and 
rapidly on peptones and polypeptides, converting them into amino-acids (it 
can also break down casemogen and other proteins slowly) , other enzymes 
complete the breakdown of nucleic acid via nucleotides and nucleosides to 
liberate purine and pyrimidine bases (p S79) 

(n) Inverlase converts cane sugar into glucose and fructose , maltose breaks 
down maltose into two molecules of glucose , lactase converts lactose into 
glucose and galactose (p 835) 

(in) EnteroLinase (mainly found in duodenal juice) activates pancreatic 
trypsmogeh (p 790) , certain constituents of intestinal juice increase the 
activity of pancreatic amylase and lipase 
(iv) Lipase 

As with duodenal juice, a flow of intestinal juice follows a meal , it is slight 
during the first 2 hours, but shows a marked increase in the third hour , it is 
most marked at the upper end of the gut The control is mainly chemical and 
only, slightly vagal m origin * 

Mechanical stimulation of the intestinal mucous membrane increases the 
volume and total enzyme output of the small intestine Colicky intestinal 
contractions and ingestion of water, glucose, egg, and milk, produce similar 
results Local irritants increase the volume of fluid and mucus secreted 
Histamine has a very slight effect 

Absorption m the Intestine — Almost complete absorption of the products 
of digestion and of other materials {eg water, salts, vitamins, heematinic 
principle) normally occurs in the small intestine The mechanism of absorpj, 
tion of the different substances is considered on p 863 (fat), p 836 (carbo,J 
hydrate), p 879 (protein), p 151 (vitamin -A), p 997 (calcium), p 208 (iron). 

1 Florey, Wnglit, and Jennings, Physiol Rev , 1941, 21, 36 

2 Owles, Clin Sc i , 1937, 3, 1, 11, 21 
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Jejuno-Ileal Insufficiency — (i) Excision of the small mtestine must 
be very extensive before it interferes significantly with digestion or absorp- 
tion Thus in one patient almost the whole of the small intestine was 
resected (for regional ileitis), leaving only the upper three feet Carbohydrate 
absorption was 99% complete, 70% of the ingested protein was absorbed, 
but fat absorption showed very wide variations Thus when 97 g were 
ingested only 5 g were absorbed , when 200 g were eaten, 80 g were absorbed, 
the respective losses in the feces were thus 92 and 120 g The lost fat was 
excreted mainly as fatty acid (cf p 794) Calcium absorption was greatly 
decreased owing to the formation of msoluble calcium soaps , the serum 
Ca fell with resulting attacks of tetany The tetany was controlled by 
cutting down the fat intake and increasing the carbohydrate and giving large 
amounts of Ca and Vitamin-D 

(n) More severe disturbances result from gastiocolic fistula , where much 
of the food completely short-circuits the small intestine by passing directly 
from the stomach into the transverse colon In such patients, in addition 
to the changes described, there may also be failure of absorption of hsematmic 
principle (resulting m pernicious anaemia), and of vitamins (leading to complex 
multiple vitamin deficiencies) 

(m) Jejuno-ileal insufficiency also occurs m sprue and other obscure 
derangements of the small intestine 

Reduced absorption of foodstuffs from the small mtestine may be due to 
(i) insufficient intake , (u) inadequate digestion from lack of pancreatic or 
other juices , (m) lack of materials necessary to promote absorption, e g 
bile salts , (iv) abnormal state of the wall of the small mtestme , (v) in- 
adequate length of available small mtestine, e g after extensive resections or 
fistula formation 


THE BILE 1 

Bile is alkaline and contains the ions found m extracellular fluid (Pig 59) 

The principal organic constituents of bile are (i) Bile pigments , (n) Bile 
salts , (m) Cholesterol and lecithin The origin and significance of each is 
discussed below x 

Bile can be collected from the common bile duct or from the gall-bladder \ ' 
The organic constituents in gall bladder bile are present m much higher 
concentration (6-10 times) than m duct bile , mucin is also present % 

Bile Pigments (Fig 104, p 189) — The bile pigments are bilirubin and . 
biliverdm Bilirubin is formed by the scattered macrophages from the 
haemoglobin of destroyed red blood cells It circulates m the blood stream 
and is excreted by the hver cells from the vascular capillaries into the bile 
channels Biliverdm is formed jjl tlm bile-passagesasjm oxidation product 1 
The bile pigments serve no digestive purpose They are partly 
excreted m the feces and urine (cf pp 188 et seq) 

Bile Salts — The bile salts are probably formed m the hver , they consist 
of sodium glycocholate and sodium taurocholate The bile salts, by their 
hydrotropic action (p 863), may help to keep the cholesterol of the bile in 
solution 


1 Whipple, Phynol Rtv , 1922, 2, 446 
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Chohc acid is a steroid which is formed in the body from cholesterol 
(Fig 526) Glycine (of glycochohc acid) is present in food proteins and is also 
readily formed in the body Taurine, CH 2 (NH 2 ) CH 2 S0 2 OH (of taurochohc 
acid), is a sulphur-containing substance which is derived from the cystine 
present in the food or m the body proteins (p 882) There are about equal 
amounts of the taurocholate and the glycocholate m human bile During 
fasting, the supply of taurine is hmited, and this lowers the taurocholate 
formed to a minimum 

Influence or Diet — During fasting there is a uniform low excretion of 
bile salts It is further lowered by ingestion of a carbohydrate-rich diet It 
is raised to a maximum by protein-rich diets On a normal diet there are 
great variations day by day, depending on the amount of meat and starch 
which are present in the food 

R6i/E in Intestine — The bile salts increase non-specifically the digestive 
action of all the pancreatic enzymes — amylase, trypsin, and especially lipase 
In the various ways wlnoh are detailed on p 863 the bile salts promote the 
absorption both of neutral fat and fatty acids When the common bile 
duct is obstructed, 25-75% of the fat intake is lost in the feces, mainly m the 
form of fatty acids The bile salts also promote the absorption of the fat- 
soluble vitamins -A (and carotene), -D, and -K (cf p 151), and possibly of 
secretin 

Circulation of Bile Salts — The bile salts are reabsorbed from the 
intestine, are carried back to the liver, and are then re-excreted m the bile 
The evidence is as follows 

(l) No bile salts appear m the feces, though a trace of a decomposition 
product of chohc acid (dyslysin) is found 

(u) If the bile duct is brought up to the surface in a dog and the bile 
collected, there occurs during fasting a uniform minimal excretion of bile salts, 
proving that they can be formed constantly in the body If bile salts are then 
given by the mouth they are quantitatively eliminated from the fistula in 
6 hours 

When the bile salts reach the liver they stimulate it to secrete more bile 
(p 800), i c they are cholagogues 

As bile salts can be formed m the body and are always returned to the 
liver from the small intestine for re-excretion in the bile, there must be some 
method of preventing them from accumulating in excessive amounts The 
nature of the regulatory mechanism is unknown 

Cholesterol — Cholesterol is a steroid , its chemical structure is set 
out m Fig 526 The mam facts about its metabohsm will be summarized 
here 

Sources — The chief sources of cholesterol m the food are yolk of eggs, 
liver, kidney, brain, and fats (cream, butter, and meat fat) 

Distribution — It is widely distributed m most of the cells of the body, 
cither as free cholesterol or combined with fatty acids to form cholesterol 
esters (cholestendes) , it is usually found together with lecithin It is 
probably a constituent of all cell membranes , it is found m the.red cells, and 
large amounts are present Jin the ovaries, the adrenal cortex, and the grey 
matter of the nervous_'system, especially the bram Most of the cholesterol 
derived from cellular disintegration is retained m the body and is not 
eliminated 
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Effects of Ingestion — Cholesterol taken, in the food is mainly absorbed 
into the intestinal lymphatics Some is passed in the faeces after being reduced 
by intestinal bacteria to coprosterol 

The cholesterol oi the bile may be an excretion from the blood, for m 
general the concentration in the bile varies with that in the blood A lipide- 
free diet may be associated with a low bile cholesterol level , but excess 
feeding with cholesterol produces only shght changes m the amount of 
cholesterol m the bile 

Synthesis — Cholesterol can be synthesized m the body as proved by 
the fact that the output may exceed the intake over periods of time by as 
much as 0 3 g daily Liver shoes readily synthesize cholesterol at a rate 
which should be sufficient to supply all the body requirements , tracer 
experiments prove that m ost o f.the 27- Catoms_pL cholesterol come directly . 
from “ acetic acid units ” (p 873) “Though the Ever is the mam site, other 
tissues (but hot brain or nerve) may also synthesize cholesterol normally 




Fig 626 — Structure of Cholic Acid and Cholesterol 

Eor full structure of steroid nucleus, see Fig 662 The projecting lines 
at C 10 , C 13 , represent an attached CH 3 group Single bonds indicate that 
the C atom is saturated with H atoms. 

Blood Cholesterol — The normal level is-X50-250_mg-% It is equally 
distributed between the plasma and the corpuscles , one-third is present as 
free cholesterol, and the remaining two-thirds as cholesterol esters (choles- 
terides) The ingestion of food rich in cholesterol over a period of time raises 
the blood cholesterol, but following single meals the changes m the blood m 
man are variable 

Functions — Cholesterol is the immediate precursor of cholic acid and of 
progesterone , it is the probable precursor of the asslrogens-iirul the adrenal 
'corticoids 

Pregnancy — Up to the thirtieth week there is a progressive rise m the 
free cholesterol and a corresponding decrease in the ester cholesterol to quite 
low values , the blood returns to normal soon after the puerpenum 

In Disease — The blood cholesterol is said to be low m all forms of chrome 
ancemia and during acute infectious diseases It is regularly and markedly 
raised m eases of [thyroid defi ciencyjfh g 623) and decreased in hyperthyroidism 
(pp 984, 991) Some increase-may occur m severe cases .of diabetes melhtus 
In nephrosis with extensive oedema, the blood cholesterol is commonly 
raised, even to 1200 mg-% (p 114) A patient with gallstones who is not 
jaundiced shows no alteration m the blood cholesterol, so no help m diagnosis 
1 Bloch el al , J bxdl Chem , 1950, 153, 33 , Recent Prog Hormone Res , 1951, 6, 111 
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can be obtained from sucli determinations On the other hand, jaundice of 
the chronic obstructive type from any cause is associated with a high blood 
cholesterol {250-700 mg-%), because the constituents of the bile are passed 
back into the blood If the bile is allowed to escape from the body through 
a fistula, the cholesterol esters m the plasma may almost completely disappear 
Secretion of Bile — In an animal (or man) with a fistulous opening 
into the gali-bladder and the common bile duct tied, it can be shown that the 
secretion of bile by the liver is a continuous process Bile is secreted at a 
low pressure , consequently its flow can be readily obstructed The total 
volume of bile formed in man is 500-1000 c c in 24 hours Its rate of secretion 
is modified by the following factors 

(l) About the third hour after the ingestion of food there is an increase 
in the volume of bile secreted , there is a slight decrease in the flow at night 
(n) Injection ..oJLsecrctin and sti mu lation of_the vagus nerve have an 
excitor cflect on bile secretion 

(ni) The most powerful cholagogue is whole bile or its active principle, 
the bile acids If 8-12 g taurocholic acid are ingested, there is an increase, for 
24—48 hours, in the volume of bile which is secreted , the ingested acid can be 
recovered quantitatively from the bile Glycocholic acid acts less powerfully 
(iv) Experimental procedures, e g pulhng on the gastro-hepatic omentum 
or opening and closmg the abdomen, reflexly decrease the volume of bile 
secreted , the administration of an anaesthetic haslthe same effect 

The results of complete biliary obstruction are fully considered on 
p 804 

Functions of the Gall-Bladder — The gall-bladder is a thin-walled 
structure , in man its maximum capacity is about 50 c c of bile As mentioned 
above, the organic constituents m gall-bladder bile are present m 6-10 times 
the concentration found m the bile m the hepatic ducts owmg to the absorption 
of isotomc saline by the mucous membrane The valves of Heister [spira 
valve] at the junction of the gall-bladder and the cystic duct do not resist 
to any significant extent the flow of bile m or out of the gall-bladder The 
terminal part of the common bile duct joins the pancreatic duct in the 
ampulla of Vater which opens at the apex of the duodenal papilla (Fig 527) , 
the termination of the common bile duct is controlled by the so-called sphincter 
of Oddi 

Flow and Storage of Bile — (i) During a fasting penod the tone of the 
sphincter of Oddi rises so that it can resist a pressure of 30 cm of bile The 
liver goes on secreting bile steadily , when the pressure m the distended bile 
ducts rises to about 7 cm , bile begins to flow into the gall-bladder, where it is 
stored until it is needed during the next meal Although the gall-bladder can 
only hold a small volume of fluid, it can store the organic content of a large 
volume of liver bile, because 50 c c of bladder bile represent the organic 
content of 300-500 c c of liver bile In this way the gall-bladder acts as a 
very effective reservoir m spite of its small capacity and prevents the pressure 
in the bile passages from rising excessively 

(u) Duung periods of digestion the sphincter of Oddi partially relaxes ana 
now yields at a pressure of about 10 cm of bile , at the same time the gall- 
bladder contracts The pressure m the bile-duct system may rise in con- 
sequence to 20 cm , bile is consequently discharged m a gush into the 
duodenum 
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(m) If the bile ducts are obstructed the pressure in the bile passages in 
the liver may rise finally to 30 cm , at 'which point reabsorption of bile into 

the blood takes place , . , , 

Movements of the Gall-Bladder 1 — These can be studied in animals 
as follows The gall-bladder is exposed, emptied of bile, and filled with an 
iodized oil which is opaque to X-rays , alternatively the clinical method of 
cholecystography may be employed (p 802) The following observations can 
be made radiographically 

(l) Adrenaline or sympathetic stimulation produces a powerful contraction 
of the gall-bladder , but stimulation of the vagus, injection of secretin, or the 
introduction of HC1 into the duodenum has no effect 

(n) Bile salts increase the size of the gall-bladder shadow, owing to 
increased secretion of bile by the liver 



Fig 527 — Anatomy of Biliary Tract (Barclay, Digestive Tract, 
Cambridge ) 


(m) As each wave of peristalsis in the duodenum is preceded by a wave of 
relaxation, it has been thought that the alternate relaxation and contraction 
of the muscle round the termination of the common bile duct might “ milk ” 
the bile into the bowel This is not the case, however, for active peristalsis 
may take place m the intestine without the gall-bladder being emptied 

(iv) Respiratory movements are unimportant, because all the mtra- 
abdominal structures are uniformly compressed 

( v ) Effect of Food — The most effective stimulus to contraction is the 
presence of large amounts of fat m the intestine (particularly egg yolk), and 
to a less extent of protein Expulsion of the oil from the gall-bladder begins 
m 5-30 minutes, and continues until the organ is emptied after 2-5 hours 
The rapidity with which the gall-bladder commences to contract after inges- 
tion of fat is surprising The same results are obtained after tying the lacteals 
or dmsion of the vagi and of the sympathetic nerves to the gall-bladder, 
indicating that some substance enters the blood stream from the bowel and, 
causes contraction of the gall-bladder The presence of certain foods m the 

1 Ivy, Physiol Rev , 1934, 14, 1 
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bowel thus not only increases the volume of bile secreted by tlie bver (p 800), 
but also causes partial or complete emptying of tlie gall-bladder, bile thus 
being provided m the small intestine to assist the digestive processes 

(vi) Cholecystokimn 1 — Acid extracts of the mucosa of the small intestine 
contain a substance, cholecyslolimn, which produces contraction of the gall- 
bladder (Fig 528) Ivy claims that cholecystolcmin is normally formed and 
absorbed into the blood stream during intestinal digestion and acts on the 
gall-bladder 

(vn) Except in response to the presence of large amounts of fat in the 
bowel, the gall-bladder does not usually empty itself completely, but fills 
slowly and empties irregularly , this is shown by the fact that on a normal 
mixed diet, dyestuffs introduced into the gall-bladder are still found there 
after 1-3 days, but not after 7 days 

Cholecystography — The biliary system in man can be examined 
radiographically by Graham’s method When tetraiodo- or tetrabrom- 
phenolphthalein is injected intravenously or ingested it is excreted by the hver 



Fig 528 — Action of Cholccystokimn on Gall Bladder Contraction (Ivy, Medicine, 1932 I 

Ilecord of gall bladder niu\ omoiitB At point A on base line an lntratonouB injection of cholccyBtokinln 
mob made Tho gall bladder Immediately contracted Ihcro tvbb no chango In the volume of 
tho liter or in tho blood pressure 


from the blood , it passes into the gall-bladder, where the dye is sufficiently 
concentrated by the absorption of saline to become opaque to X-rays The 
size, shape, and behaviour of the gall-bladder can be studied radiographically 
The dye which is present m the hver and the bile ducts is too dilute to cast 
a shadow It is safer to administer the dye by the mouth in formohzed 
gelatin capsules , when given intravenously, toxic symptoms may be pro- 
duced , given subcutaneously, local necrosis results Using this technique 
it can be shown that fat and, to a less extent, ■protein taken by mouth cause 
rapid emptying of the gall-bladder in 3-8 hours (Figs 529 and 530 show 
the effect of ingesting egg yolk , cf also p 801 ) 

Cholecystography is employed in the diagnosis of gall-bladder disease 
If the dyestuff is absorbed from the bowel and yet no shadow of the gall- 
bladder is obtained, we can conclude that the cystic duct is obstructed or the 
gall-bladder is sclerosed, or that the gall-bladder wall because of disease 
cannot concentrate the contamed bile m the normal way 

Effect of Magnesium Sulphate Drainage of Biliary Passages —It is 
claimed by Meltzer that certam salts cause relaxation of the sphincter of 
Oddi and tonic contraction of the gall-bladder Lyon has made use of tins 
observation a tube is passed into the duodenum, a 33% solution of magnesium 
sulphate is introduced, and the bile is collected at intervals The first samples 
are hght yellow, and come from the common bile duct , then follows darker 
and more viscid bile from the gall-bladder , and, finally, hght thin bile ol 

1 Ivy, Medicine, 1932, 11, 345 
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low specific gravity, and containing only traces of cholesterol, is obtained 
from the hepatic ducts This technique can be employed to dram the biliary 
passage or to collect bile for bacteriological and microscopical investigation 
It must be pointed out, however, that magnesium sulphate given by 
mouth is probably equally effective , that, studied radiologically, the Lyon 
technique does not cause powerful contraction of the gall-bladder , and that 
it seems more reasonable to give fat, which is known to empty the gall-bladder 
Warm olive oil introduced mto the duodenum is a more reliable stimulus 
to gall-bladder contraction 



Fig 520 — Outlines of Human 
Cholecystograms, about one 
half life - size (Boyden, 
Anat Bcc , 1926 ) 

A gall-bladder 17 hours after in 
gestion of tetra iodo phenolph 
tlnleln (\o) =4 cu ms) B the 
same gall bladder 1$ hours after 
a meal of 4 egg yolks and 4 pint 
of cream (vol =0 22 cu ins') At 
180 minutes the gall bladder was 
completely emptied, and could 
no longer bo seen radiograph 
leal]) 



Fig 530 — Effect on Volume of Human 
Gall-Bladder of a Meal of Five Egg 
Yolks mixed with Water (Boyden, 
Anat Bee , 1928, 40 ) 

Ordinate volume of gall-bladder Abscissa 
time m minutes During the period (10 
minutes) indicated by the bracketed arrows, 
A, the subject smelt a dish of hot fried 
bacon The volume of the gall bladder 
increased At 0, he ingested 5 egg yolks 
Note m this case that the volume of the 
gail bladder decreases markedly In 2 minutes 
Ihe eggs begin to enter the duodenum within 
1 minute of swallowing 


Removal of the Gall-Bladder — This operation gives rise m man to 
disadvantageous consequences 

(i) The bile ducts become dilated to accommodate to some extent the bile 
which is continuously secreted by the liver 

(u) If the tone of the sphincter of Oddi is high, the pressure m the biliary 
passages rises until it may equal or exceed the secretory pressure of the liver 
cells and thus interfere with their activity 

(in) If the tone of the sphincter is low (as it often is for a time after 
cholecystectomy), bile dribbles into the intestine when it is not needed and 
is consequently wasted 

The importance of the reservoir action of the gall-bladder is illustrated by 
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COMPLETE BILIARY OBSTRUCTION 


the following experiment If the common bile duct is tied, and the gall- 
bladder removed, jaundice appears in 3-6 hours , but if the gall-bladder is 
left it can store so much bile pigment newly Becreted by the liver that (after 
tying the bile duct) jaundice does not develop for 36-48 hours The rise in 
retained plasma bilirubin is similarly more marked and more rapid in the 
animal deprived of its gall-bladder (Fig 531) 

Results of Complete Biliary Obstruction — Complete obstruction of 
the bile ducts produces results which are due to 

(1) Absence of bile from the bowel Tins leads to impaired digestion 
and reduced absorption of fats and corresponding changes m the feces 
(p 798), reduced absorption of vitamin -K leading to a fall of plasma pro- 



Fig 531 — Storage Capacity of Gall Bladder Effects on Plasma Bilirubin 
Accumulation of Obstruction of Common Bile Duct m Dogs (Redrawn 
from Mann and Bollmann, J lab dm Med , 1923, 10, CS1 ) 

Ordinal plasma bilirubin In \ nn den Bcrgh units At 0 in both animals tie common bile duct 
In the experiment illustrated by the upper cur\ e (A) the gall-bladder was also rernoi od Note 
the more rapid rise of plasma bilirubin in A than In B, owing to loss of storage function of 
gall bladder 


thrombin and haemorrhages (p 151) , defective haemoglobin formation and 
anaemia of obscure origin , reduced absorption of fat-soluble vitamins-/! 
(and carotene) and -D 

(2) The effects on the body cells of retention of bile m the blood and tissue 
fluids 

The retention of bile leads to jaundice (p 191), loss of appetite, and injury 
to the gastric mucosa , peptic ulcers (usually duodenal) develop frequently, 
and may be responsible for death from haemorrhage or perforation The heart 
rate is slowed The blood level of all the organic bile constituents (bile 
pigments, bile salts, and cholesterol) is increased , bile pigments and bile 
salts appear m the urme 

(3) The injury to the liver resulting from bihary obstruction 

The liver vanes in size, is stained with bile pigment and is smooth and 



SWALLOWING 


805 


firm The bile canaliculi are dilated, the hepatic cells are atrophied (mainly 
round the portal canals) and there is connective tissue overgrowth The 
impairment of liver functions leads to the signs of parenchymal failure which 
are detailed on p 829 

The composition of the diet markedly influences the clinical state In 
animals on a carbohydrate-rich diet, life may be prolonged for a year or more , 
an exclusively meat diet may, however, prove fatal within one week It is 
pointed out on p 828, that a high glycogen content protects the liver cells 
against the harmful effects of various toxic agents 

Bile Fistula — A complete bile fistula (m which all the bile is passed 
through an artificial opening to the exterior) results m loss of bile from the 
body with the results summarized on p 804, (1) , there is progressive impair- 
ment of bile secretion by the liver There is no compression of the liver 
cells and therefore no parenchymal failure The usual results of loss of water 
and electrolytes occur (if these are not replaced) 


MECHANICS OF ALIMENTARY CANAL 1 


The movements of the alimentary canal m man are best studied by meanB 
of X-rays after the ingestion of a meal which contains opaque barium salts 

Swallowing — This occurs in three stages , the first stage is voluntary, 
the other two are reflexly produced 

(1) After mastication, the food is rolled into a bolus, which lies m the curve 
of the tongue Swallowing commences by voluntary contraction of the mylo- 
hyoid muscles, which throw the bolus back between the pillars of the fauces on 
to the post-pharyngeal wall This region of the pharynx has a rich sensory 
innervation from the glossopharyngeal nerves , when the local nerve endings 
(and also those m the soft palate and epiglottis) are stimulated, afferent 
impulses are set up which reflexly (via the so-called deglutition centre m 
the medulla) produce the complex coordinated movements occurring m the 
involuntary phases of swallowing 

(2) The soft palate is elevated and thrown against the post-pharyngeal wall 
to close off the nasal cavity The larynx rises with the elevation of the hyoid, 
and the pharynx is practically obliterated The vocal cords are approximated, 
and breathing is momentarily inhibited The posterior pillars of the fauces 
approximate to shut off the mouth cavity The pharynx reopens to permit 
the passage of the bolus , the epiglottis guards the laryngeal opemng, until 
the bolus reaches the oesophagus which simultaneously opens up to receive 
it Aspiration of the food into the larynx is also prevented by the associated 
reflex apnoea 

(3) The bolus is then propelled along the oesophagus by peristaltic waves 
in its muscle coat Gravity plays little part m this process, as the rate of 
progress along the oesophagus is not affected by posture , it is as rapid m 
the supine as m the erect position 

The swallowing reflex is temporarily abolished by anaesthetising the 
pharynx with cocaine , it is deranged by lesions of the medulla oblongata 


1 Alvarez, Mechanism of the Digestive Traci, 2nd edn , New York, 1928 , Introduction 
Cambndgo iC 193°6 y ’ ■ Barolny ’ The Dt 9 Mtive Tract (Radiological Study), 2nd edn, 
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INNERVATION OF OESOPHAGUS 


or of the ninth and tenth nerves Pood may then regurgitate into the 
nose or be aspirated into the larynx 

Cardiac Sphincter — The last inch or more of the oesophagus, including 
the whole of the abdominal portion, is sphmctenc m its action The muscle 
coat is here thicker, and prominent longitudinal ruga} of the mucous membrane 
are visible When swallowing is not occurrmg, the sphincter is usually 
m a state of tone and its walls are tightly m apposition , sometimes it is 
patulous (relaxed) at rest 

Within 5 or 6 seconds of swallowing, the bolus reaches the lower end 
of the oesophagus, where its progress may be momentarily arrested by the 
resistance of the sphincter if it is closed The sphincter then relaxes, but 
its lumen may still remain considerably narrower than that of the rest of the 
oesophagus, so that food trickles slowly into the stomach 

When the whole of the meal has been eaten, the cardia usually closes, thus 
preventing the regurgitation of food, gastric juice, and swallowed air, which 
would otherwise occur because of the positive intragastric pressure In- 
creased acidity of the gastric contents is alleged to cause closure of the cardia , 
the same effect is produced by a rise of intragastric pressure 

Innervation or (Esophagus 1 — The upper third of the oesophagus is 
hned by a striated muscle coat, the lower two-thirds by non-slnated muscle 
The vagi supply the whole oesophagus including the cardiac sphincter , the 
sympathetic probably acts on the sphincter only The effects of section of 
the vagi on oesophageal movements have been carefully studied in the dog 
If the right vagus is cut below the origin of the recurrent laryngeal (which 
is alleged to supply the striated upper third of the oesophagus) and the left 
vagus is cut in the neck, the lower two-thirds of the oesophagus become 
dilated and peristalsis ceases , the tone of the cardiac sphincter is generally 
reduced The food tends to accumulate m the paralysed region , if the ammal 
is placed in the erect position the raised hydrostatic pressure may force some 
food into the stomach Sometimes a further swallow bulges the oesophagus, 
some food enters the stomach and may be pushed back again so that some 
of the contents impinge on the pharynx setting up reflex vomiting From 
time to time the seemingly paralysed oesophagus contracts as a whole, vomiting 
resultmg When vagotomy is performed below the level of the lnlum of the 
lungs the lower quarter of the oesophagus becomes paralysed 

Section of the sympathetic m the dog does not significantly affect the 
activity of the oesophagus , sphincter tone is unaffected 

These observations prove that peristalsis along the oesophagus depends 
on the integrity of the extrinsic nerves, the vagi (preganglionic fibres) The 
excitor neurones (corresponding to Auerbach’s plexus) cannot mediate 
peristalsis The denervated oesophagus can however contract, presumably 
in response to local distension The sympathetic has no effect on oesophageal 
movements In the dog the vagi contain both motor and inhibitory fibres to 
the cardiac sphincter, the former predominating , the sympathetic control is 
unimportant The state of the oesophagus after vagotomy in the dog closely 
resembles that found in human cardiospasm (p 815) 

Reverse peristalsis may occur in the oesophagus, and is responsible m part 
for belching and acid regurgitation into the pharynx 

If the intragastric pressure is excessively raised by rapid air-swallowing 
1 Mann et al , Amer J Physiol , 1947, 149, 429 



PERISTALSIS 


807 


(aerophagy) or by the evolution of C0 2 from ingested NaHCO.,, the resistance 
of the cardiac sphincter may be overcome, and gas is expelled by the mouth 
Nature of Peristalsis — Bayhss and Starling defined true peristalsis 
as a coordinated reaction m which a wave of contraction preceded by a wave 
of relaxation passed down a hollow viscus , the contents of the viscus as they 
are propelled along would thus always enter a segment which had actively 
relaxed and enlarged to receive them This type of movement was thought 
to be responsible for transferring the contents of the alimentary canal from 
the oesophagus through the stomach, small and large intestine, and finally to 
the anus Later work, especially by Alvarez, makes it improbable that a wave 
of relaxation regularly precedes the wave of contraction It is necessary also 
to explain wliy the wave of contraction travels normally caudally rather than 
towards the mouth — m other words, why there is a sort of “ law of forward 
conduction ” in the bowel No satisfactory reason has been discovered, though 
much is written about a normal forward “ gradient ” m the bowel, i e some 
inherent condition of the bowel neuromusculature which “ directs ” the 
peristaltic waves in the normal direction If a portion of small intestine is 
excised, the two ends reversed and the continuity of the bowel restored by 
sutures, it acts as an obstruction because peristaltic waves cannot be trans- 
mitted along it Fluids may still be drawn through, but solids cannot pass, 
with the result that a block occurs at the proximal junction 

The passage of peristaltic waves along the oesophagus depends on the 
continuity of the preganglionic vagal nerve supply but not on the integrity 
of the muscle coat (p 806) It is claimed that if the oesophageal wall is 
divided and the superficial nerve plexus is left intact, the peristaltic wave 
can still pass normally over the oesophagus 

In the stomach and intestines, however, peristalsis can occur m the absence 
of extrinsic nervous influences (preganglionic vagus or pre- and postganglionic 
sympathetic) though it is modified by the activity of these nerves Thus 
gastric tone and motihty are initially decreased by vagotomy m man (p 789) 
After section of the vagi and destruction of the abdominal ganglia of the 
sympathetic in ammals, intestinal peristalsis contmues normally for months 
Normal gastric and intestinal peristalsis is attributed to a series of coordinated 
local nervous reflexes (involving possibly Auerbach’s plexus) m response to the 
chemical and mechanical stimulation set up by the food 

Isolated strips of intestine suspended in a bath of warm oxygenated 
Ringer’s solution carry out rhythmic movements (though these are probably 
not identical with true peristalsis) , they still occur m such isolated strips 
after they have been deprived of their intrinsic nerve plexuses 

Movements of the Stomach 1 — Arrangement of Musculature — The 
part of the stomach to the left of the mcisura angulans is the body, and that 
to the right the pyloric part , the part of the body above the level of the 
cardiac orifice is the fundus The pyloric part is divided into the pyloric 
antrum or vestibule, and the pyloric canal Functionally the first part of the 
duodenum (duodenal bulb or cap) is associated with the pyloric part 

The Btomach has an outer longitudinal and an inn er circular coat , 
between the mucous membrane and the circular coat is an additional in- 
complete but well-developed muscular layer which runs from the oesophagus 
down either side of the lesser curvature and then spreads out in a fan-like 
1 Hunt 2dcd\cal Essays and Addresses, London 1924 , Brtt med J , 1925, l, 145 
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MUSCULATURE OF STOMACH 


manner These oblique fibres fuse finally with the circular , they are supposed 
to maintain the normal length of the lesser curvature 

At the pylorus the circular fibres are thickened , additional development 
of radially disposed fibres of the muscularis mucosce throws the mucous 
membrane into a well-marked fold (rather like the iris of the eye) 



Fio 632 — Averago J - Shaped 

Stomach, Showing Peristaltic 

Waves and Well-Filled Duodonal 
Cap, Which has just Emptied into 
tho Second Part of tho Duodenum 
and Been Refilled (Barclay, 

Digestive Tract, Cambridge ) 

Noto tlia small quantity of secretion 
coIlectlnR nbovo tho opnquo food 
© — position of umbilicus 



Fig 634 — Small Stomach (called 
inaccurately a “ Hypertonic ” 
Stomach) (Barclay, Digestive 
Tract, Cambridge ) 

The duodenum passos ofT more or loss hori 
zontally (Tho stomnch happons to show 
no signs of peristalsis ) 



Fig 633 — Transversely Placed 
Stomnch (Steorhorn Shape) 
(Barclay, Digestive Tract, Cam 
bndgo) 

TIiIb typo Ib rarely seen In women, but Is 
common In tho short, stout man Tho 
pjlorus overlaps tho duodenum which 
passes straight backward (to see it a 
very oblique or oven lateral position of 
the patient would bo necessary) 



Fig 635 — Long Stomach (previously 
inaccurately called Dropped 
Stomach or Gastroptosis) Tone is 
perfect Note the position of the 
lower border of the greater curva- 
ture m relation to the umbilicus © 
The pylorus is approximately m its 
normal position (Barclay, Diges 
live Tract Cambridge ) 
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Innervation — Stimulation of the vagi produces variable effects on the 


stomach , contraction is obtained when 
the initial tone is low, and relaxation if the 
initial tone is high , sometimes mixed effects 
may be seen, e g contraction of one part of 
the stomach and relaxation of another In 
man the vagi exert a continuous stimulating 
influence on gastric tone and movements as 
shown by the effects of vagotomy (p 789) 
Gastric Tone — The stomach displays 
postural activity or tone When it is empty 
its walls are firmly m apposition When food 
enters the stomach, the muscle fibres are 
elongated to enlarge the size of the cavity 
uniformly m order to accommodate the 
new contents, without much change of 
internal pressure (cf p 768) With an 
opaque meal of average composition, the 
stomach assumes varying shapes Most 
commonly it is J-shaped (Fig 532), the body 
forms a vertical tube and the pyloric part 
forms a horizontal or shghtly ascending 
segment which is turned to the right 
Sometimes the stomach is shaped like a 
steerhorn , the gastric axis is more oblique, 
and the pylorus is almost the lowest point 
on the lesser curvature (Fig 533) Fig 534 
shows a small stomach, often inaccurately 
called a “ hypertonic ” stomach Fig 535 
illustrates a long stomach, often inaccurately 
called a “ dropped ” stomach Both these 
two extremes are within the range of the 
normal Variations in gastric tone are easily 
produced reflexly, leading to considerable 
changes m the position of the lower border 
of the stomach, eg by slamming a door 
during the X-ray examination The normal 
tonic activity of the stomach wall not only 
grips its content but also opposes the 
influence of gravity , as filling occurs the 
stomach expands almost wholly laterally 

Fig 536 — Passage of Fluid Meal into a Full 
Stomach (Barclay, Digestive Tract, Cambridge ) 

A Normal stomach which contains ordinary non opaque 
food , the crescentic air space at the top alone Is seen 
B \ watery suspension of barium Is given This flows 
through and. around the non opaque food, giving a veil 
like appearance 

C The opaque food settles out and lies at the bottom of the 
stomach 



26* 
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MOVEMENTS OF STOMACH 


Foods pass through the stomach to the pyloric antrum roughly m the 
order m which they are swallowed , but if a heavier food succeeds a 
lighter, it sinks m the stomach contents till it finds its own level This 
fact is well illustrated m Fig 536 A watery suspension of barium is seen 
entering a stomach containing ordinary food The heavy material sinks 
gradually and finally settles as an opaque mass in the most dependent part 
of the stomach (Fig 536, C) 

Gastric Movements — Peristaltic ivavcs begin high up on the body of the 
stomach and follow one another about three times a minute , they pass 
rapidly towards the pylorus which at this stage is tomcally contracted The 
waves are normally gentle and not very deep , they resemble “ the waves of a 
quiet sea rather than breakers beating on the rocks ” There is no general 
vigorous churning-up of the food with the gastric secretions , the surface of 
the stomach is merely moulded The peristaltic indentations become deeper 
as they approach the pylorus (see Fig 532), but do not pass beyond it into 
the duodenum 

The behaviour of the pyloric sphincter is variable Five to fifteen minutes 
after the taking of food it begins to relax occasionally to permit a small 
volume of chyme to escape , generally such relaxation occurs when a wave of 
contraction involves the pyloric antrum When the stomach has emptied to 
some extent, the sphincter may also relax between the peristaltic waves 
Food may pass through the pylorus m the absence of gastric peristaltic waves, 
presumably when the steady pressure in the stomach exceeds that in the 
duodenum Conversely, if the mtraduodenal pressure exceeds that in the 
stomach, or if anti-peristaltic waves occur m the duodenum, intestinal con- 
tents may regurgitate into the stomach (cf p 782) 

The mechanism controlling the pylorus is unknown According to Barclay, 
if the small intestine is emptying rapidly, the pylorus opens more readily , 
on the other hand, if the small intestine becomes overloaded, the pylorus 
closes and gastric peristalsis is inhibited The presence of acid m the stomach 
or duodenum does not regulate the activity of the pyloric sphincter In 
achylia gastnca, in which condition no free HC1 is present m the stomach, 
the organ empties itself, as a rule, with excessive rapidity, and the pyloric 
sphincter tends to be patulous , but a hypermotile rapidly emptying 
stomach may also be one which is secreting large amounts of acid (p 787) 

With a meal of gruel the stomach is usually empty m about 2^ hours 
(Fig 514) With the heavier and more solid barium meal, the stomach should 
be completely empty within 6 hours at the longest Fat m the food (probably 
by releasing enterogastrone) has an inhibitory effect on gastric motility 
(p 780) The influence of the emotional state on gastric motility is considered 
on p 786 

The fasting stomach shows rhythmic variations in tone, which increase 
and then dimmish the pressure within the organ , these occur at the rate of 
three a minute. At intervals a series of powerful contractions occur wmch 
last about 30 seconds, and are associated with the appearance of the sensation 
of hunger {hunger pains ) 1 These changes can be demonstrated by introducing 
into the stomach, via the oesophagus, a rubber balloon coated on the inside 
with barium paste , both graphic and S-ray records of the stomach move- 
ments can thus be obtained It is uncertain whether the sensation of hunger 
1 Carlson, Hunger in Health and Dismast, Chicago, 1916 Barclay, Lancet, 1922, u, ~61 
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is caused by these strong gastric contractions A distinction should also be 
drawn between hunger and appetite 

Vomiting 1 — The phenomena of vomiting are as follows Nausea is first 
experienced, the secretion of saliva is increased, and the breathing becomes 
deep, rapid, and irregular Retching may occur, which consists of simultaneous 
mcoordmated spasmodic contractions of the respiratory muscles , the 
diaphragm, for example, descends when the expiratory muscles contract 
The glottis closes and remains shut till the expulsion of the vomited material 
is effected The pyloric part contracts firmly, and at the same time the body 
of the stomach relaxes so that the gastric contents are forced into it , anti- 
penstalsis may sometimes take place m the stomach, but it is ummportant 
The flaccid stomach is compressed by the raised mtra-abdominal pressure 
resulting from the simultaneous descent of the diaphragm and the contraction 
of the abdominal wall The cardiac sphincter is inhibited and the gastric 
contents are therefore driven into the dilated oesophagus Some of this 
material is at once expelled from the mouth , some is moved up and down 
the oesophagus Towards the end of the act of vomiting, the diaphragm 
relaxes, i e ascends, and all the expiratory muscles and the abdominal wall 
contract As the glottis is closed the mtrapulmonary pressure becomes 
positive The oesophagus is thus compressed , it may also actively contract 
throughout its length or a wave of anti-periBtalsis may pass over it , its 
contents are thus emptied into the mouth The palate is raised to shut off 
the nasal cavity from the throat 

The complex series of movements which occur during vomiting are 
controlled by a group of nerve cells, m close relation to the vagal nucleus, 
called the vomiting centre In the dog it is situated just cranial to the 
calamus scnptonus It is close to, but diBtmct from, the respiratory centre 
If this centre is damaged, the injection of apomorphme (which is a “ central ” 
emetic) no longer induces vomiting Afferent impulses to produce vomiting 
may arise in the stomach and other parts of the gastro-mtestmal tract, 
vestibular apparatus, heart, and other organs Certain drugs and poisons make 
the centre more sensitive, so that the normal impulses which reach it are 
sufficient to cause vomiting In partial asphyxia, and when the intracranial 
pressure is raised, the vomiting centre is stimulated 

Movements of the Small Intestine — In the first part of the duodenum 
the food forms a definite shadow, filling it out into a triangular cocked-hat 
shape, known to radiologists as the duodenal cap or bulb (Fig 532) The 
shadow remams m this position while food is present in the stomach , no 
peristalsis occurs in this segment and its shape is often unchanged for long 
periods It may empty occasionally by means of a general contraction which, 
if the pylorus is closed, pushes the food into the second part of the duo- 
denum Beyond the cap very active intestinal movements take place 
It is difficult to see radiographically m man what is going on, but beyond 
the sharp, well-defined shadow of the first part of the duodenum there is an 
ill-defined and very diffuse outline indicating that the meal has been rapidly 
broken up and hurried round the duodenal loop into the jejunum This 
fragmentation is perhaps brought about by active contraction of the muscle 
fibres m the mucous membrane Anti-peristalsis is occasionally observed m 
the duodenum Beyond the duodenojejunal flexure only a cloudy opacity 
1 Hatcher, Phv&iol Rev , 1924. 4, 479 
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MOVEMENTS OF SMALT, INTESTINE 

is seen till the meal arrives at the ileo-ccecal sphincter about three and a half 
hours after it began to leave the stomach 

In animal experiments two lands of intestinal movements can be recog- 
nized peristalsis and segmentation 1 ' 

Peristalsis — The chyme is passed along the small intestine by a Benes 
of frequent and very rapid peristaltic waves which carry it on a few inches 
at a time Each wave lasts about a second, and is followed by a quiescent 
period of a few seconds to a few minutes 

Segmentation — A length of small intestine becomes divided by a 
series of constrictions into a number of small segments which are ballooned at 
the centre Each segment is then divided in its middle (t e at the point of 
maximum distension), and the previous constrictions disappear This process 
occurs about six times a minute Segmentation causes no forward movement 
of the intestinal contents , it helps to mix the chyme with the intestinal juices 
and so aids digestion , by bringing the chyme into intimate contact with the 
villi it aids absorption It helps to squeeze blood and lymph out of the 
bowel, and so aids their return to the thorax [For movements of mill, see 
p 865 ] 

The vagi end m Auerbach’s plexus, which lies between the circular and 
longitudinal muscle coats (Fig 447) Stimulation of the vagi increases the 
tone of the intestine and renders the movements more active (after an initial 
temporary inhibition) Stimulation of the sympathetic diminishes tone and 
arrests the peristaltic movements 

The intestinal movements may be influenced by the ductless glands , thus 
diarrhoea is a common symptom of exophthalmic goitre, and constipation of 
myxoedema 

Ileo-Csecal Sphincter [Valvula coh] — This consists of the fusion of the 
circular and longitudinal fibres at the end of the ileum and in the adjoining 
caecum , in addition, some independent speciahzed circular fibres are de- 
veloped at the apex On mspection in cases of csecal fistula the sphincter 
appears as a smooth scarlet elliptical or hemispherical papilla about 1 8 cm 
m diameter, which projects 1 cm above the pmk folded mucosa of the caecum 
The orifice is normally closed, and forms a dimple m the centre of the papilla 
Each time a peristaltic wave passes over the terminal part of the ileum, the 
sphmcter relaxes, about 2 c c of fluid faeces mixed with a little gas escape 
and then the sphincter closes again 2 3 

In man, the mam function of the sphmcter is to prevent the contents of 
the ileum from passing too rapidly into the caecum , thus an opaque meal 
may be visible m the terminal ileum for about one hour before any appreciable 
quantity enters the caecum This delay promotes more complete digestion 
and absorption of the intestinal contents , as a result the chyme which enters 
the caecum contains very little nutrient material 

Peristaltic waves over the terminal ileum are generally infrequent, but 
when food enters the stomach a gastro-ileal reflex is set up, which produces 
active peristalsis at the extreme end of the ileum , the chyme rapidly passes 

1 If the abdomen of an animal is opened m a bath of warm saline, swaying or pendulum 

movements of the intestine can also be seen 

3 In ammals, section of the sympathetic causes permanent relaxation of the sphincter, 
and the contents of large and small intestine intermingle freely Stimulation of the vagus 
is said to have no effect on the sphmcter 
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into tlie caecum In man, anti-peristalsis m the ascending colon is 
feeble, and so there is little tendency for faeces to regurgitate into the 
ileum The sphincter, however, is not capable of resistmg considerable 
pressures When a barium enema is administered at a pressure of 18 inches 
H 2 0, or when powerful retrograde movements occur m the large bowel 
because of some mechanical obstruction, regurgitation into the ileum takes 
place 

Movements of Large Intestine — As stated, the chyme reaches the 
terminal ileum 3| hours alter a meal, and is held up there for about 1 hour 
The barium shadow can be first 
seen m the various parts of the 
large intestine the following 
number of hours (on an average) 
after a meal C aecum, after 
hours , hepatic flexure, 6 hours , 
sp lenic flexure. 9 hou rs . desc end- 
ing; colon, 11 h ours , iliac colon . 

T2 hours , p elvic colon. 18 hour s 

(EFW) 

The caecum and ascending 
colon are almost entirely passive, 
and fill solely as a result of 
activity m the ileum, which 
occurs mainly during and immedi- 
ately after meals As a rule, the 
contents of these parts of the 
large bowel appear immobile, 
but the lumen is indented by 
well-marked folds ( haustrations ) of 
the intestinal wall , weak peri- 
staltic movements may occur 
In ammals retrograde waves 
(anti-pei istalsis) occur periodically 
which force the contents of the 
proximal colon towards the 
csecum , such movements have 
occasionally been detected in man 
arising near the hepatic flexure, but they are both rare and feeble 

Rhythmic variations of tone occur from time to time over all parts of 
the large intestine They do not propel the contents onwards, but serve to 
mix them and aid absorption of water 

The colonic movements are more sluggish by night than by day 

Mass Peristalsis — After each meal a gastro-cohc reflex is set up A 
brief, powerful peristalsis occurs in the colon, which constricts down, and its 
contents are driven vigorously onwards By means of large forward move- 
ments of this type, the feces reach the splenic flexure, then the descending 
colon, and finally the pelvic colon, where they accumulate The feces do not 
normally pass beyond the pelvi-rectal flexure — i e the point where the 
movable pelvic colon joins the fixed rectum at an acute angle It is uncertain 
whether a definite sphincter exists here, but local thickening of the 
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Pig 537 — Normal Radiograph of Large Intes 
tine Particularly Well Pilled from End to End 
(Barclay, Digestive Tract, Cambridge) 
x Indicates the position of the umbilicus 
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circular muscle fibres is described, and narrowing of the lumen is present at 
tlus point in 80% of bodies The normal rectum is empty, except immediately 
before defalcation 

About 350 g of fluid chyme passes through the lleo-csecal sphincter daily 
(as observed in cases of coecal fistula) The average weight of the moist freces 
is 135 g Most of the absorption of water occurs in the caecum and ascending 
colon, the contents of which are quite soft , little absorption occurs m the 
transverse or descending colon The normal consistency of the faeces is due to 
further absorption of water which occurs in the pelvic colon 

Defaecation — The act of defalcation is very much a matter" of habit or 
conditioning as regards time of day, relation f£> meals, and the frequency of 
occurrence Some people defalcate before breakfast, others after , some on 
getting to work because they had to leave home hurriedly , some m the even- 
ing when they can attend to their needs at leisure , some several times a day, 
others once in several days A person may refrain from defalcating because 
he feels shy m a strange house or because the act is pamful owing to the 
presence of, e g an anal fissure And there are the people who are anxious 
to defalcate whenever possible because they think it is good for them When 
ever the time, the place, and the appropriate stimulus are all together, a 
wave of peristalsis is refiexly set up which reaches the distal part of the large 
intestine The obstruction which is presented by the pelvi-rectal flexure 
is overcome, the sphincter presumably relaxes, and the faeces enter the rectum 
Distension of the rectum by the sudden entry of faeces gives rise to a perineal 
sensation, and the desire to defaecate If this desire is acceded to, a co- 
ordinated reflex results which empties not only the rectum, but every part 
of the bowel between the middle of the transverse colon and the anus The 
diaphragm descends, the glottis is closed, and the abdominal muscles and 
levator am contract Waves of peristalsis pass over the distal part of the 
colon , the sphincter am is relaxed and the faeces are evacuated through the 
narrow anal canal 

The sympathetic inhibits the whole of the large intestine and closes the 
sphincter am The parasympathetic innervation is motor and relaxes the 
sp hin cter am The vagus supplies the proximal colon or caecum, the sacral 
autonomic supplies the distal colon and rectum 1 

Functions of the Lauge Intestine — The large intestine seaetes 
mucus which facihtates the easy passage of the faeces It passes on the 
unabsorbed fraction of ingested iron, calcium, and phosphate (pp 208, 999) 
Absorption of water, salt, and glucose occur in the large intestine 

The Faeces — The faeces are derived partly from the ingested food, but 
mainly from the intestinal secretions The faeces m starving animals are 
decreased in bulk but differ comparatively little m composition from those 
of normally fed animals If vegetables and coarsely ground cereals are 
excluded from the diet, the faeces have a fairly constant composition, i e 
water, 65% , sohd material, 35% (weight of dried faeces is about 30-50 g ) 
made up approximately as follows ash, 15% , ether-soluble substances, 

15% , nitrogen, 5% , , 

The ash consists mamly of compound of calcium, phosphate, iron, ana 

1 The motility of the large intestine, its vascularity and the rate of mucus secretion 
are readily modified by the emotional state (see Grace, Wolf, and Wolff, The Human 
Colon, NY, 1951 
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magnesium The ethereal extract consists of fatty acids, neutral fat, a little 
lecithin, traces of cholic acid, its decomposition product dyslysm, and 
coprosterol, (derived from cholesterol) The feces contain many desquamated 
epithelial cells and bacteria, most of which are dead On a fat intake of 100 g 
daily not more than 5-7 g are normally lost m the feces , on a protein intake 
of 100 g the fecal N content should not exceed 1 5 g (corresponding to 10 g 
of protein) 

Ingested cellulose passes out unchanged, and substances which are 
enclosed m a cellulose wall escape digestion and absorption The mcreased 
bulk of this undigested residue stimulates mtestmal peristalsis The passage 
of the food through the bowel is therefore quickened, and the digestive 
ferments have insu ffi cient time to exert their full action (see Table, infra) 


Diet 

Moist Faces 

g 

Dried Fasces 

g 

Percentage 
of Ingested 
Food 

Nitrogen Lost 

g 

Bread from fine flour 

133 

26 

4-0 

2 1 

Bread from coarse flour 

262 

41 

66 

32 

Brown bread 

317 

76 

12-0 

3 8 


As the cellulose content of the food is mcreased by coarser milling of the 
flour, the bulk of the feces is mcreased They contain more water and solids , 
more of the ingested food is undigested and more food mtrogen is lost to the 
body 

The alterations m the composition of feces in pancreatic disease and 
biliary obstruction are described on pp 794, 798 


DISORDERS OF MOVEMENTS OF ALIMENTARY CANAL 

Cardiospasm — In this condition ingested food is held up at the lower 
end of the oesophagus owing to the presence there of a " block ” of undeter- 
mined character Above the “ block ” the oesophagus becomes distended 
(Fig 538) and its muscle coat hypertrophies When the contents of the 
oesophagus form a column 8 mches high, the “ block ” is overcome, and any 
excess food or drink above this height enters the stomach 

The “ block ” has been attributed to spasm of the cardiac sphincter 
( cardiospasm ), but in fact sphincter tone is not excessive Alternatively it 
has been suggested that the cardiac sphincter forms an obstruction because 
it fails to relax normally ( achalasia ) during swallowing The anatomical 
lesion m cardiospasm is said to be local degeneration of Auerbach’s plexus 
Such a lesion would produce cardiospasm only if the vagi were inhibitory to 
the sphincter, which is probably not the case The passage of peristaltic 
waves over the oesophagus depends on the integrity of the vagi Vagal 
denervation of the lower end of the oesophagus would prevent the passage 
of the peristaltic wave and so set up a non-conduetmg area which would 
constitute a functional “ block ” CEsophageal paralysis of this type is 
produced in dogs by appropriate vagal section (p 806) (cf Hirschsprung’s 
disease p (816) 
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Gastric Motility in Disease — Stimulation of any afferent visceral 
nerve increases the contraction of the pylorus and prevents its proper relaxa- 
tion A gastric ulcer situated near the pylorus, disease of the gall-bladder, and 
chrome appendicitis may all act in the same way, and reflexly via the sym- 
pathetic nerves prevent pyloric relaxation and delay the emptying of the 
stomach The musculature of the stomach m cases of duodenal ulcer is 


generally oierachvc so that initially the organ tends to empty itself rapidly 
Hypertrophic pyloric stenosis is a condition v, Inch occurs in young infants, 
usually boys, in whom for some unknown reason the pyl oric sphincter is m 
a state of persistent spasm This o\eractivity leads to hypertrophy of the 

sphincter Compensatory hyper- 
' ffiST ^ " trophy of the stomach wall 

V *, develops m order to overcome the 
— j| obstacle The passage of the peri- 

staltic waves over the stomach may 
be visible through the abdominal 
wall 

iLrAL Stasis — Reflex spasm of 
/* • J* the lleo-cohc sphincter may be set 

up by an inflamed appendix and 
, | thus cause delayed emptying of the 

“ “ * ileum 

j % * Hirschsprung’s Disease 1 — In 

this condition, which affects young 
^ children, there is degeneration of 
” < j the cells of Auerbach’s plexus m the 

Sr ' r 4 region of the pelvi-rectal junction , 

4 ’Sr sometimes a greater length of colon 

> ■* - * may be involved It is supposed that 

? the denervated region fails to trans- 

- mit the jienstaltic wave and so 

" ***$&, constitutes a functional “ block ” 

(cf p 815) The colon above the 
Fig 53S — CEsoplmgus in Cardiospasm “ block ” (? e the non-conducting 
(Barela}, Dirjcslne Tract, Cambridge ) region) becomes greatly distended 

liote the immense dilatation of the m«ophafrus ns There is marked constipation, great 
ehoua radiographicalij after an opaque meal ,, 1 , . . c 

abdominal distension, and attacks of 


complete intestinal obstruction may occur Excision of the affected 
segment of the colon has yielded satisfactory results 

Constipation 2 — Two mam varieties are recogmzed 

(1) Colic Constipation — The passage of the faeces through some part of 
the colon is delayed, but the act of defecation is normal 

(2) Dyschezia — In this condition the feces arrive normally at the pelvic 
colon, but their final evacuation is not adequately performed If the call 
to defecation is neglected, the rectal wall relaxes and the desire passes off 
The rectum becomes m time excessively distended (Eig 539), the contractility 
of its walls is impaired, and evacuation becomes difficult even when a great 
effort is made Fragmentary defecation may take place, i e small amounts 


1 Bodian cl at , Lancet, 1949 i G 

= Hurst, Constipation and Allied Intestma, Disorders, London, 2nd edn , 1919 
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are passed, but much feces are left behind m the rectum to continue distend- 
ing it 

Results of Constipation 1 — It is still uncertain how the symptoms of 
constipation are produced A once popular theory was that of intestinal 
auto-intoxication, i e that poisons are elaborated m the digestive tract as a 
result of constipation, and are absorbed through the mucous membrane and 
injure the individual Critical examination of the evidence lends little 
support to this view Probably most of the symptoms of constipation are 
produced mechanically Experiments were performed on healthy men who 
normally emptied their bowels once or twice daily They ate an ordinary 
liberal diet and withheld from defecation for 90 hours Each subject 
developed the symptoms which are regarded as characteristic of “ auto- 
intoxication,” i e foul breath, 
furred tongue, impaired appetite, 
flatulence, nausea, loss of power 
of attention, depression, rest- 
lessness, headache, insomnia, 
and irritability A barium meal 
showed that the ileum was empty 
and that all the food remnants 
had accumulated in the colon 
There was little increase in the 
urinary indican excretion An 
enema was then administered 
and the bowel evacuated, the 
distress was promptly relieved, 
and in an hour or two the sub- 
jects felt quite normal again 
The symptoms complained of 
could obviously not have been 
due to toxic absorption, had 
“ toxaemia ” been the cause, a longer time would have had to elapse after 
evacuation of the bowel before the concentration of toxin in the body could 
fall sufficiently to produce relief As Alvarez points out, “ a drunken man is 
not immediately sobered when his whisky bottle is taken from him ” The 
symptoms of constipation are largely due to the distension and mechanical 
irritation of the rectum Masses of cotton wool packed into the rectum produce 
identical effects 

It must be remembered that the rectum is very sensitive A rise of 
internal pressure of 2-3 mm Hg is perceptible, and a rise of 20-60 mm 
Hg causes much distress Afferent impulses from the bowel, as is well known, 
can easily influence the emotions and the mental processes — e g the occur- 
rence of sleepiness after a meal, or of irritability and lack of concentration 
when hungry A patient with a jejunal fistula always went to sleep if the 
intestine was made to coutract actively by the introduction of a small 
balloon 

The type of patient t\ho is the subject of so-called “ auto-intoxication ' is 
usually keenly aware of what goes on in his body and responds stroDgly to 
visceral stimuli Patients of a stolid type may go for v eeks or months without 
1 Alvarez, Pnynoi Rev , 1924 4 >52 



Fig 539 — Distended Rectal Ampulla seen 
Radiographically in a case oi Dyschezia 
(Barclay, Digestive J'rticl, Cambridge ) 
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passing a motion and be able to eat well and do a good day’s work A case 
is recorded of a man who went from June 18, 1900, to June 21, 1901, without 
a motion Towards the end of that time he belched a good deal and suffered 
from some p-nn , the abdomen was distended , he felt weak and lost some 
weight After the colon had been cleaned out (a none-too-simple procedure 
in this patient) he recovered rapidly 1 


THE LIVER 2 

Structure of the Liver —The liver consists of lobes which are sub- 
divided into lobules The lobule is made up of ramifying columns of hepatic 
cells (Fig 542) , the cell outlines are often indistinct so that the colu mn s 
form a syncytium The portal vein, hepatic artery, and bile ducts, surrounded 
by a connective tissue capsule enter the liver and branch repeatedly in the 
substance of the organ 3 (Fig 540) The portal vein divides into branches, the 



Fig 540 — Diagram showing Vascular Arrangements in 
Liver Lobule 

Portal i'm branches arc shown black P, large branch , Mp, 
medium size branches, /t , mterlobulnr \clns surrounding 
lobules 

llepahc tan branches arc shown hatched C, central {intra 
lobular) aeln draining the lobule Int , Col , succes»l\eU 
larger branches carrjing blood nvn> from the lhcr 

White area, I,, I, In cr lobules penetrated bj a oscular 
capillaries 


interlobular veins, which surround the lobules , from these vessels blood 
passes between the liver cells m vascular capillaries to reach the centre of the 
lobule where it drams into the intralobular branches of the hepatic vein 
The hepatic artery likewise divides mto branches which accompany those of 
the portal vein between the lobules , ultimately the hepatic artery blood also 

1 The following anecdote serves as a useful contrast to the foregoing case and shows 
the wide range of variation in normal people with respect to their alimentary habits 
A friend complimented a scholar on his healthy appearance, saying “ Your face is like 
that of pig-rearers and usurers ” The scholar rephed 1 On my faith, both occupations 
are forbidden me , but there are twenty-four privies from my lodging place to the 
house of study and whenever I go there 1 test myself in all of them ’ 

i Himsworth, Lectures on (he Liver and its Diseases, 2nd edn , Oxford, 1950 Licbtman, 
Diseases of (he Liver, Gallbladder and Bile Ducts, 2nd edn , London, 1949 
3 Dame! and Prichard, J Physiol , 1951, 114, 521 
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enters tlie vascular capillaries, where it mixes with, the blood from the portal 
vein The vascular capillaries have no specific endothelial lining but ramify 
between the hepatic cells which constitute their walls (Figs 541, 542) The 
intimate contact between the blood and the liver cells is well demonstrated 
by injection experiments , the injection material often penetrates from the 
vascular capillaries into the interior of the liver cells This is an ideal arrange- 
ment, as the liver has to transform, or modify, many of the constituents of 
the blood At intervals along the vascular capillaries are the stellate cells of 
Ilupjfer (Fig 542) which are part of the macrophage or reticulo-endothehal 

VC 



VC BC 


Fig 541 — Arrangement of Vascular and Bile Capillaries in the Liver 
(Schaffer, Lehrbuch der Hislologie ) 

B C =bUe capillaries (thin dark channels) 

V C = vascular capillaries (tinder, fainter channels) 

N = nuclei of hepatic cells 

Drawn from a specimen m which both the blood vessels and the bile passages 
had been injected The two networks are quite distinct and separate 

system (p 187) They vary m number m different species , m man there 
are few 

Bile is formed m tiny vacuoles m the interior of the hepatic cells and is 
discharged through fine canahcuh into the bile capillaries (Fig 541, B C ) 
These (like the vascular capillaries) have no specific endothelium, but ramify 
between, and are lined by, the hver cells Fig 541 shows how there is always 
hepatic cell tissue between the fine bile capillaries and the much wider 
vascular capillaries, so that normally the blood and the bile are kept apart 
and never mix The hepatic cells are well placed to transfer materials from the 
blood into the bile At the periphery of the lobule the hepatic cells becomes 
continuous with, and transformed into, the cubical cells lining the bile ducts 
Streamline Flow in the Portal Vein — The portal vein is formed 
by the union of the splenic and superior mesentenr veins , it can be shown 
by injecting Indian ink into these veins, that the two entering currents of 
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blood lemam fairly distinct m tlie portal vein , the splenic blood thus passes 
mainly to the left lobes and the intestinal blood mainly to the right lobes of 
the liver The right lobes consequently receive directly a larger share of the 
absorbed foodstuffs The blood flow through the liver in man has been 
estimated to be about 1 5 L per minute 1 

° 2 Supply of the Liver — The 0 2 saturation of the blood in the 
hepatic artery is at the usual arterial level of 95% , in the portal vein (cat) 
it is about 50% (i e lower than the resting mixed venous blood level) , in 
the blood leaving the liver m the hepatic vein it is only 20% The 0 2 



Pig 542 Section of Liver showing Hepatic Cells, Sinusoids, and Macro 
phages (Maximov and Bloom, Text Bool of Histology, W B 
Saunders ) 

Llxer of rabbit injected intrax enousij with Indian ink, which is taken up bj the macro 
plinpes he, liver cell, ire, crxthrocMe in lumen or sinusoid, Etc, eosinophil 
lcucocjtc, a, 6, c, rf, macrophapcs (stellate colls of Kupfler) in various stages of 
actixit) c, it, macrophages laden with Indian ink 

tension in the vascular capillaries at the centre of the lobule is thus much lower 
than m resting tissues elsewhere The portal vein brings far moie blood to 
the liver than the hepatic artery , in the cat the ratio is 4 1 The ratio of 
0 2 supplied to the liver cells by the portal vein and hepatic artery (in the 
cat) is 5 3 (8 c c of 0 2 in all per 100 c c of hepatic blood flow) 

As the Oo supply of the cells in the centre of the lobule {cents alobular 
cells) is only 'just adequate, any condition which reduces it (oi calls for an 
increase in the 0 2 supply) is liable to cause great damage to these cells 
1 BradJev el al J chti Intesha , 1945 24 S90 
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Causes of Hepatic Anoxia — Centralobular damage or necrosis resulting 
from an inadequate 0 2 supply to tlie liver may occur m tlie following 
conditions 

(i) Diminished blood flow through, the liver, e g (a) when the cardiac 
output is decreased (m “ shock,” haemorrhage, heart failure) , or (6) m 
partial obstruction of the portal vein or of the hepatic artery 

(n) Breathing air containing 0 2 at a loioered tension (e g at high altitudes) 
(m) When the metabolism of the liver is raised, eg m hyperthyroidism , 
the 0 2 needs of the liver are increased and the previously adequate 0 2 supply 
becomes insufficient Hepatic insufficiency is frequently found m hyper- 
thyroidism (p 991) 



Fig 543 — Diagram of Liver Structure (Modified from Merkel 

and Jordan ) 

Four adjacent liver cells are shown 

V C —vascular capillary iJ C —bile capillary Nuc —nucleus of liver cell 
X — Kupffer cell V =blle vacuole In liver cell 

I V C —appearance of injected vascular capillary, showing how injection material 
penetrates Into the Rubatance of the liver cell 
Note how both the vascular and the bile capillaries are surrounded by liver cells 

(iv) When the liver cells become swollen , as a result the vascular capil- 
laries are compressed and obstructed so that the blood supply of the centra- 
lobular cells is reduced Swelling (oedema) of the hepatic cells is a regular 
initial effect of any injury to the liver , this explains why poisons absorbed 
from the intestine produce lesions which are usually most marked not at the 
periphery but m the centre of the lobule, m spite of the fact that the peripheral 
cells receive the highest concentration of the poison via the portal radicles 
Swelling of the hepatic cells associated with centralobular necrosis also occurs 
■when the cells become extensively laden with fat (so-called fatty liver or fatty 
infiltration, p 867) 

Blood Storage in the Liver — The calibre of the hepatic vascular 
capillaries may vary considerably during life , the capillaries thus serve as a 
storage area for blood which can be discharged when necessary into the 
general circulation (cf spleen, p 226) 
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Portal Obstruction — Tins may occur in a variety of circumstances 

(i) (a) Ligature of one branch of the portal vein produces atrophy m the 
corresponding lschamuc area of the liver, the hepatic cells almost completely 
disappear, but the bile ducts, blood vessels, Kupffer cells, and connective 
tissue are more resistant, and survive The unaffected lobes (which are still 
normally vascularized) undergo compensatory hypertrophy, up to five times 
their original weight 

(b) Ligature of the mam portal vein in animals produces marked atrophy 
of the liver , if part of the liver is then excised no regeneration of the remaining 
tissue tales -place (p S26) 

(c) Occlusion or narrowing of the mam portal vein or of one of its branches 
may also occur clinically 

(n) Obstruction to the portal flow is a common initial result of serious 
hepatic injury ( hepatitis ) owing to oedema of the cells Later when hepatic 
cells die they are replaced by fibrous tissue which contracts down and 
obliterates the contained blood vessels , the more extensive the fibrosed area, 
the more severe is the resulting interference with the portal venous flow 

Clinical Results or Portal Obstruction troai any Cause — The 
main results are as follows 

( 1 ) There is a rise of portal vein pressure , direct measurements at operation 
in normal man give values of 15-22 cm H 2 0 (compared with 5-12 cm 
H 2 0 in the ankle veins) , m hepatic fibrosis (so-called cirrhosis of the liver), 
the portal venous pressure may be as high as 40 cm H 2 0 

(n) Ascites (an abnormal accumulation of fluid in the peritoneal canty) 
develops The factors which contribute to the production of ascites are as 
follows 

(a) Owing to the raised pressure m the portal vein there is a corre- 
sponding rise of capillary blood pressure in the abdominal viscera leading to an 
excessive outflow of fluid into the peritoneal cavity (p 18) 

( b ) In many patients with portal obstruction the hepatic cells are also 
damaged leading to a fall of serum albumin concentration , this further 
facilitates the escape of fluid from the capillaries The protein content of the 
ascitic fluid varies widely, e g from 0 1 to 3 8% , this finding indicates that 
the permeability of the capillary wall to protein may be increased to a variable 
degree 

Ascites may develop m cases with disease of the hver parenchyma even 
without much rise of portal pressure if the plasma protein concentration is 
markedly reduced, eg to about half normal Fig 544 shows that the greater 
the fall in serum albumin the more likely is ascites to develop Blood 
transfusion may cause removal of the ascitic fluid presumably because it 
raises the plasma protein level 

(c) For some unknown reason ascites may be induced by a diet rich m 
meat , the fluid is absorbed when meat is excluded from the diet The 
noxious agent in meat is not its protein content, because protein-free meat- 
extracts are even more effective in producing ascites than is an equivalent 
amount of whole meat 

(d) In some cases of ascites an antidiuretic agent is present m the urine , 
this finding is interpreted as indicating that the pituitary antidiuretic hormone 
is present in the blood in excessive amounts, probably because the damaged 
liver cannot mactivate it m the normal way As a result there is excessive 
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reabsorption of water by tbe kidney leading to an increase in the volume of 
the body fluids , much of this fluid accumulates m the peritoneal cavity 
because of the abnormalities described m (a) and (6) above 

( e ) In some patients with chrome hepatitis (cirrhosis of the liver) the 
ascitic fluid accumulates very rapidly and may have to be withdrawn from 
the peritoneal cavity every few weeks An important contributory factor is 
the failure of the kidney to excrete Na+ ions , Na+ is retained, leading second- 
arily to water retention 1 On a liberal salt intake the amount of Na+ excreted 
in the urine may be less than 1 m Eq (0 023 g ) daily If the Na+ intake is 
drastically reduced the ascites tends to clear up It is suggested that there is 
hypersecretion of adrenal corticoids which cause an excessive degree of 



ALBUMIN (g per 100 cc ) 

Fig 544 Relation of Serum Albumin Concentration to 
Ascites m Cirrhosis of Liver (Chrome Hepatitis) (Post 
and Pahb, Arch tnt Med , 1942, 69) 

Note that the mean value for serum albumin In cases with ascites was 
2 3%, and in cases without ascites 3 7% 

reabsorption of Na+ from the lumen of the renal tubules into the blood It is 
noteworthy that the Na+ content of the sweat and saliva is also low m these 
patients (p 945) 

Thus m patients with portal obstruction ascites may be due to increased 
capillary pressure m the portal bed , reduced serum albumin concentra- 
tion , a toxic factor in meat , excess antidiuretic hormone sodium retention 
resulting perhaps from excess adrenal corticoids It is clear that hepatic 
and renal dysfunction are important contributory factors 2 

(ui) A collateral circulation is established between the portal and the 
systemic circulation, eg at the junction of oesophagus and stomach, m 
the mucosa of the anus, and m the abdominal wall Haemorrhages may occur 
from the dilated venulea of the bowel 

Functions of the Liver — The functions are very numerous and are 
discussed m various sections of this book They are summarized below, where 
adequate cross-references are given 

* Eisenmenger el al , J elm Inves tig , 1950, 29, 1491 

' Ascites may also occur (1) m cardiac failure it is due to raised mtra abdominal 
renous pressure and renal dysfunction fcf cardiac oedema, p 111), (2) in nephrosis 

it is due to lowered serum albumin concentration (cf p 113) 
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(1) Storage Organ — The liver stores glycogen (p 837), fat (p 866), 
probably proteins (p 138), vitamins, eg vitamm-.4, antipernieious anaemia 
factor (p 197), other substances concerned in blood formation and regenera- 
tion (p 210), and blood (p 821) 

(2) Synthesis — The liver synthesizes the plasma proteins (p 137), 
fibrinogen (p 140), prothrombin (p 142), and (by virtue of its mast cells) 
heparin (p 145) 

(3) Bile Secretion (p 797) 

(4) Formation (p 160) and Destruction of red cells (p 187) , relation 

to Jaundice (p 190) 

(5) Detoxicating func- 
tion (p 828) 

(6) Metabolism — The 
liver is pre-eminently the 
central organ of metabolism 
To discuss its role adequately 
would mean considering m 
detail the metabolism of 
carbohydrate, fat, and pro- 
tein It is more convenient, 
therefore, to consider the role 
of the liver when deabng with 
the metabolism of the in- 
dividual foodstuffs The fol- 
lowing sections should be 
consulted 

(i) Carbohydrate Metabol- 
ism (pp 837 et seq ), especially 
Bole of Liver Glycogen 
(p 838) and Kegulation of 
Blood Sugar (p 855) 

(u) Fat Metabolism (pp 863 
el seq ), especially discussion 
on pp 866 et seq J 

(m) Protem Metabolism 
(pp 876 to 904) 

Complete Extirpation of 
Liver — The liver can be com- 
pletely extirpated m animals 
Much has been learnt about the functions of the liver from such 
studies The animal recovers rapidly from the operation and to all outward 
appearances seems fairly normal for a few hours The changes which develop 
in pulse rate, respiration, and temperature are shown m Fig 545 The 
principal results of complete hepatectomy are as follows 

(1) There is a progressive fall of blood sugar (development of hypo- 
glyccemia), eg to 40 mg-% or less, producing the characteristic symptoms 
for the species , m the dog there is marked muscular weakness, followed by 
convulsions, coma, and death The aggravation of the clinical state runs 
parallel with the fall of the blood sugar The somewhat different symptoms 
of hypoglycsemia m man are discussed on p 915 



HOURS AFTER HEPATECTOMY 


Fid 545 — Changes in Blood Sugar, Pulso Rate, 
Respiration, and Temperature, following Re 
moval of Liver in Dog (Modified from data by 
Mann and Magath, Arch rnt Med , 1922, 30, 73 ) 
The animal died 10 hours after hepatectomy 
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The administration of glucose in doses of 0 25-0 5 g per kg body weight 
to a flaccid and comatose animal produces astonishing effects within 30 
seconds the dog can walk and respond to a call , the heart beats more strongly 
The blood sugar, immediately following the injection, reaches a high level , 
when it decreases again symptoms reappear The development of fatal hypo- 
glycemia after hepatectomy proves that the liver is the organ principally 
responsible for the maintenance of 32r 
the normal level of the blood sugar 
(cf p 856) 

Light is thrown on the fate of 
certain sugars m the body by the 
following observations m the hypo- 
glycemic, liverless animal Maltose, 
mannose , fructose and glycogen act, 
on intravenous injection, like 
glucose , these four substances can 
thus be converted somewhere out- 
side the hver into glucose Galactose, 
however, is neither converted into 
glucose nor used m the liverless 
animal This last observation is the 
basis of the galactose test of liver 
efficiency (p 830) 

(2) There is a progressive fall 
of the blood urea and rise of the 
blood ammo-acids (p 886, Figs 
566, 867) This proves that the 
liver is the chief site of deamination 
of ammo-acids and the only organ m 
which urea is formed 

(3) J aundice develops after total 
hepatectomy , bilirubin accumulates 
in the blood and tissues (Fig 546), 
and is excreted m the urine 
Jaundice develops constantly m 
animals which survive longer than 
6 hours , the plasma and fatty 
tissues become coloured The blood 
gives a positive Van den Bergh 
reaction for bilirubin (p 189), first 
an indirect and than a biphasic 
reaction The removal of the spleen and of all the abdominal viscera does not 
alter the rate of development of the jaundice If haemoglobin is injected 
intravenously mto the liverless animal considerable additional amounts of 
oihrubm are formed (Fig 546) These observations prove that bilirubin 
can be formed extra-abdommally (cf p 188) The hver, however, is the only 
organ normally concerned with the execretion of bile pigment 

(4) The coagulability of the blood is depressed owing mainly to a marked 
decrease m the concentration of plasma 'prothrombin and perhaps also to a 
decrease m plasma fibrinogen 



Zam. 4- 

546 — Accumulation of Bilirubin m 
the Blood Following Removal of the 
Liver , Conversion of Hcemoglobin into 
Bilirubin (Redrawn from Mann el al , 
Amer J Physiol, 1924, 69, 399) 

Experiment on dog 

Ordmate plasma bilirubin m mg-% 

At 0, total removal of liver Note gradual rise in 
bilirubin level At each point marked H 
injection of hremoglobm in tra\ enously Note 
resulting marked increase m bilirubin lead 
indicating extra hepatic bilirubin formation 
Considerable amounts of bilirubin v-ere also 
excreted in the urine 
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(5) Hepatic insufficiency develops If the blood sugar is kept normal by 
the continuous infusion of glucose the animal may survive for 18-24 hours 
Finally, however, restlessness, dyspnoea, and vomiting occur, the animal 
becomes ataxic, and does not appear to hear or see Coma and anuria develop, 
and death takes place quite suddenly These symptoms are unrelieved by 
glucose and are not due to hypoglycamua , these terminal manifestations 
are due to loss of some unknown liver functions (i e to some undefined form 
of hepatic failure) (Cf acute clinical hepatic failure (p 833)) 

Partial Extirpation of the Liver l — The results produced depend on 
(l) the physiological reserve of liver tissue , (n) the regenerative power of 
the liver , (m) its nutritional state 

(l) The physiological reserve is indicated by the fact that the body contains 
liver tissue far m excess of the minimal amount necessary for normal physio- 
logical function Thus, m the dog, after removal of 80% of the liver, bile salts 
and bile pigments are not retamed m the blood or excreted m the urine Even 
if 90% of the bile ducts are hgated the volume of bile secreted remains normal 

(u) The icgencralive power of the liver is illustrated by the following 
observations In the dog, if three-fourths of the liver is removed, proliferation 
takes place in the remaining tissue as a result of active mitotic division of the 
cells , the original liver mass is restored in 6-8 weeks 2 The bile ducts 
at the periphery of the lobules also sprout and bud off new clumps of cells , 
blood vessels and connective tissue soon invade the newly formed areas 
Excision can be repeated many times and is always followed by regeneration 
Regenerative processes play an important part m the repair of the hver 
following the administration of hepatic poisons 

(m) The importance of the nutritional state and the blood supply are 
considered on pp 822, 827 

Chronic hepatic insufficiency may be produced as follows Establish an 
Eck fistula, i e a lateral anastomosis is established between the portal vein 
and the inferior vena cava , the portal vein is tied headwards to the stoma, 
thus cutting off most of the blood supply to the hver It becomes reduced to 
half or less of its original size , withm 2 months remove 60% of the liver No 
regeneration now takes place, so that less than one-fifth of the original amount 
of hver tissue is left and very few of the cells which are present appear normal 
on histological examination In spite of this, the animal maintains fairly 
normal health The chief abnormalities present are as follows (l) the blood 
sugar tends to be slightly below normal , (n) after injection of insulin the 
recovery of the blood sugar is greatly delayed (Fig 582) , (in) pancreatectomy 
produces only a slight hyperglycemia as hepatic glucogenesis is impaired , 
(iv) adrenaline produces a less marked rise m blood sugar , (v) poisons are 
not well tolerated 3 

Chemical Composition of the Liver — The Table on p 827 shows how 
the weight and chemical composition of the hver may be influenced by 
alterations in the composition of the diet (data of Bollman and Mann for 
the dog) 

The lowest and highest percentage m each case are shown m italics 

1 Bollmann and Mann, Ergeb Physiol , 1936, 38 445 

- Regeneration must have taken place very activelv m the case of Prometheus, u hose 
liver was gnawed daily by a tormenting eagle 

5 The newer clinical tests of hepatic efficiency were not carried out on these animals 
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Liver weight may vary 4-fold , fat content per cent , 32-fold , glycogen 
content per cent , 150-fold , and water content, 2-fold 


Diet 

Liver Weight 
as per cent of 
body weight 

Fat 

as per cent of 
liver weight 

Glycogen 
as per cent of 
liver weight 

Water 

as per cent of 
liver weight 

Low 

High 

Low 

High 

Low 

High 

Low 

High 

Mixed 

18 

3 3 

1 6 

52 

08 

71 

68 4 

74 6 

High protein 

3 1 

44 

23 

3 1 

23 

5 8 

70 2 

72 7 

High carbohydrate 

44 

46 

1 7 

23 

BCH 

11 0 

71 8 

73 2 

High fat 

41 

7 5 

23 4 

52 2 


2 3 

35 6 

57 4 

Pasting 

25 

34 

5 2 

15 7 

H 

2 1 

65 8 

73 6 


Relation of Composition of Diet to Liver Function — There are a 
number of important observations showing that the protein, carbohydrate 
and fat intake are related to the efficient functioning of the liver 

(1) Effects of High Eat Diet and Role of Lipotropins (p 867) 

(2) Protective Action of Methionine — As pointed out on p 867, 
methionine, by donating CH 3 groups to form choline, is an indirect hpotropm. 
In addition it has been found that methionine (and to a smaller extent 
cysteine) protects the liver against the noxious action of certain poisons and 
especially against chloroform A dog which has been kept on a low protein 
diet for a long time is highly susceptible to chloroform poisomng , light 
anaesthesia for 20 minutes kills the ammal , post-mortem, extensive necrosis 
of the liver cells is found But if the dog is given methionine (or cysteine) 
a few hours previously, it can withstand deep anaesthesia for 40 minutes 
with little subsequent clinical disturbance and no signs of liver injury a 
large meat meal (or plasma protein injected intravenously) has a similar 
protective action, doubtless because of its S-contaimng ammo-acid content 
(It should be noted that chohne is not protective against chloroform 
poisoning ) 

(3) Effects of Grave Protein Insufficiency — (i) Under certain 
conditions, as yet imperfectly determined, grave protein insufficiency may, 
after a delay of some weeks, produce, m rats, acute hepatic insufficiency due 
to massive neciosis of the liver The necrosis involves large areas which are 
separated from each other by normal regions In the affected areas the liver 
cells are dead and there is much congestion and many haemorrhages If the 
animal recovers, post-neci otic scarring occurs the normal regions hyper- 
trophy and between them are found scars which interfere with the hepatic 
blood supply Special stress has been laid on the fact that the cysteine 
content of these diets is deficient The experiment makes it clear that m the 
absence of adequate supphes of ammo-acids (needed presumably for the 
maintenance of the liver protems and enzymes), the liver cells may die 

(n) A similar condition of massive necrosis occurs in animals fed on gram 
grown in soil rich m selenium The selenium m the gram replaces the sulphur 
m the sulphur-containing ammo-acids, resulting m hepatic necrosis , the 
hepatic necrosis is prevented by administering methionine or cysteine 
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(4) In general, it may be emphasized that the liver resists many forms of 
stress best when its stores of carbohydrate and protein are ample , its 
efficiency is impaired when it is laden with fat Thus a dose of carbon 
tetrachloride which is fatal (in the dog) within 24 hours if the liver is fatty 
at the time of administration is without effect if the hver is well filled with 
glycogen In the case of tetrachlorethane, 1 c c produces severe intoxication 
and coma of 6-8 hours’ duration if given 24 hours after the last meal , if 
given 12 hours after food, only mild symptoms result The toxic action of 
ethyl alcohol on the liver vanes inversely as its glycogen content , the toxic 
action of trinitrotoluene and arsphenamme is potentiated by protein deficiency 
and a high fat intake 

Toxipathic and Trophopathic Hepatitis — Himsworth recognizes two 
forms of hepatitis (hver damage) 

(l) Toxipatlnc, due to the action of poisons (such as those mentioned 
in (4) above) 

(n) Trophopathic, due to nutritional disturbances, e g protein deficiency 
and the factors causing “ fatty hver ” (p 867) It must also be remembered 
(a) that nutritional disturbances make the liver more vulnerable to attack 
by poisons , and ( b ) that a diet which is normally adequate may become 
insufficient m periods of growth or during pregnancy 

Massive necrosis (also called “ acute yellow atrophy ”) occurs m man 
(cf p 833), but the cause is unknown 

“ Detoxicating ” and Protective Action of the Liver — The hver 
exerts its protective action m a variety of ways 

(l) By Conjugation, 1 u by combining the unwanted substance (or a 
derivative of it) with another molecule or chemical group, the resulting 
compound being excreted in the urine It does not always follow that the 
excreted compound is less toxic than the original, as measured by the usual 
toxicity tests — it may even be more toxic For this reason, and for the 
additional reason that many normal physiological compounds are chemically 
“ mampulated ” by the hver m this way before being excreted, the term 
“ detoxication ” commonly applied to conjugation m the liver is a misnomer, 
and would be better replaced by “ protective synthesis ” Examples are 

(i) Conjugation with Sulphate — Many phenohc compounds are con- 
jugated m the hver with sulphate, and excreted as “ ethereal sulphates ” 
(sulphate esters) (p 900) 

(ii) Conjugation with Glycine — Many aromatic acids that cannot be 
catabohzed in the body are combined with glycine (or other ammo-acids 
m special cases) before excretion Benzoic acid (C c H s COOH) is transformed 
by the hver into hippunc acid (benzoylglycme, C G H 5 CO NH CH 2 COOH) , 
a similar detoxication of benzoic acid also occurs m the kidney (p 830) 
On the other hand, phenyl-acetic acid (C G H 5 CH 2 COOH) is “ detoxicated ” 
by combination with glutamine (the amide of glutamic acid) 

(m) Conjugation with Glucuronic Acid — Many drugs and hormones 
containing OH groups (either alcoholic or phenohc) combine with glucuronic 
acid to form glucmomdes , thus pregnanediol (from progesterone) is excreted 
m the urine as pregnanediol glucuromde after conjugation m the hver, and 
similarly for the other urinary steroids (pp 1078, 1080) 

(iv) Conjugation with Acetic Acid —Aromatic ammo compounds react 
1 Williams, Detoxication Mechanisms , London, 1947 
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in the liver with acetic acid (as reactive “ 2C fragments ” (p 871)) to form the 
corresponding acetyl derivatives, e g sulphamlamide forms acetyl-sulphaml- 
amide, which is then excreted (p 873) 

The mode of treatment of a foreign substance by the liver depends chiefly 
upon its chemical structure, but partially on the species of ammal involved 
(2) By Complete Destruction — Many compounds foreign to the body 
are destroyed m the hver by complete oxidation Example are the alkaloids 
strychnine and mcotine, and the anaesthetic Na pentobarbital Partial 
oxidation (or, less often, reduction ) may precede the conjugation reactions 
described in (1) above 

Clinical Hepatic Failure — Disease of the liver m man may result m 

(1) Excretory Failure — Failure to excrete bile leads to retention of the 
constituents of the bile (p 804) and an increase m the concentrations of bile 



F i 1 1^ 2 hours F \ I >5 2 hours 


Fio 547 — Blood Galactose Curves m Hepatic Insufficiency (McLagan, Quart J Med 

1940, 9, 156 ) 

Left hand Figure ordinate blood galactoso in mg-% Ingest 40 g of galactose by mouth 
4 normal curve GI galactose index =81 

11 abnormal curve (excessive rise of blood galactose) in case of catarrhal jaundice with hepatic InsuiUcIcncj 
GI=307 

Right hand Figure ordinate total blood ‘ sugar, ’ blood glucose, or blood galactose in mg-% 

Case of diabetes mellitus Simultaneous administration of galactose and glucose by mouth Norma 
blood galactose curve, GI = 75 characteristic diabetic blood glucose curve 

pigment, bile salts, cholesterol, and alkaline phosphatase m the blood Bile 
salts and bile pigments appear in the urine , jaundice develops The absence 
of bile from the intestine impairs digestion and, m addition, decreases the 
absorption of fat and fat-soluble vitamins 

(2) Portal Obstruction — This condition is characterized by development 
of collaterals between the portal and systemic veins, and ascites (p 822) 

(3) Parenchymal Failure — In this condition excretory failure may or 
may not be present , the term parenchymal failure is used to indicate that 
the hver cells are failing to carry out their other functions, to a greater or 
lesser degree 

A number of laboratory tests are available for assessing the form and extent 
of parenchymal hepatic failure 

Laboratory Tests of Liver Function 1 — The facts set out on p 826 about 
the difficulty of producing experimental hver insufficiency, without com- 
pletely removing the liver, should be borne m mind when considering means 
of testing liver function clinically Extensive liver damage must be present 
in man before obvious signs of insufficiency present themselves Some liver 
1 Gra4, Quart J Med , 1950, 19, 263 
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functions are, however, impaired sooner than others and these may serve 
as more sensitive tests In disease of the liver parenchyma the excretion 
of bile is often not markedly affected and consequently there may be little 
jaundice and no increase in blood bilirubin , urea formation is another very 
resistant function The following tests are of value 

(1) Galactose Tolerance Test — When galactose is absorbed from the 
intestine it is normally converted by the liver into glycogen and subsequently 
into glucose which is dissimilated by the tissues In the hverless ammal, 
however, galactose is scarcely utilized at all and is only disposed of by 
excretion in the urine The test consists of administering 40 g of galactose 
by mouth and determining the blood galactose at 0 5, 1 0, 1 5, and 2 hours 
In normal subjects the blood galactose rises very slightly , in the presence of 
liver damage a greater rise takes place (Fig 547) The sum of the four 
galactose values (at the times stated) in mg-% gives the galactose index 
(Fig 548) The normal average is 68 and the maximum normal 160 Higher 




Fig 648 — Galactoso Index in Normal Subjects and in various Clinical States (McLagan, 

Quart J Med , 1940, 9, 166 ) 

heft hand Figure normal dlatrlbutlon and upper normal limit of galactoso index 

Right hand hgurc normal gnlnctose Index In diabetes mcllltus and group of cases with obstructive 
jaundice , abnormally raised index in toxic jaundice and in hyperthyroidism 

values indicate hepatic insufficiency The galactose index is not raised in 
cases of diabetes mellitus (Fig 547, right G I =75), even when the glucose 
tolerance is markedly impaired Fig 548 shows a raised galactose index m 
toxic jaundice and in hyperthyroidism (m which liver impairment is common, 
p 991) 

(2) Hippuric Acid Test — When sodium benzoate is taken by mouth it is 
conjugated in the liver and kidneys with glycine to form hippuric acid 
Clinically 6 g of Na benzoate are ingested , normally 3-3 5 g of benzoic acid 
are excreted m the urine as hippuric acid in the course of the next 4 hours , 
an excretion of 2 7 g is taken as the low limit of normality In liver disease 
hippuric acid excretion is depressed owing to diminished conjugation 

Renal disease must, of course, be excluded as impaired kidney function 
gives the same result owing to diminished hippuric acid synthesis and dimin- 
ished renal excretion of that which is formed 

(3) Bromsulphthalein Excretion Test — Normal kver cells secrete this 
dye (phenol and tetrabromphthalem disodium sulphonate) from the blood 
into the bile Five mg per kg of the dye are injected intravenously and 
specimens of blood collected after 5 and 45 minutes Assume the initial 
concentration of the dye m the blood to be 100% After 5 minutes the blood 
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concentration normally falls to 85%, and after 45 minutes to 5% A value 
at 45 minutes exceeding 10% indicates liver damage 

(4) Coagulability of the Blood (Prothrombin Response to Yitarmn-K) 
—In liver disease tlie coagulability of the blood is decreased primarily owing 
to the lowered plasma prothrombin , if there is also a fall of plasma fibrinogen, 
it constitutes an additional contributory factor , as a result haemorrhages 
may occur In such cases the administration of vitamm-/f by any route does 
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Fig 549 — Plasma Protein changes m Liver Disease 
(Post and Pahk, Arch tnt Med , 1942, 09 ) 

lrequcncj distribution of values (on admission to hospital) for serum albumin and serum globulin In Cl 
patients with cirrhosis of liver Note the decrease in scrum albumin and the increase in serum 
globulin 


not raise the abnormally low prothrombin level, i e the prolonged prothrombin 
clotting time, characteristic of liver disease is unaffected (p 153) 

(5) Serum Albumin Concentration — This is lowered in liver in- 
sufficiency because the liver is the sole site of serum albumin formation 
For some unknown reason serum globulin concentration is raised, often 
markedly (Figs 549, 550) (cf p S33) High protein feeding fails to restore 
the serum albumin level as the mechanisms concerned m the manufacture 
of albumin are impaired 

(6) Empirical (Flocculation) Tests of Liver Function — The objects 
of these tests are 

(i) To distinguish between jaundice due to liver cell damage ( hepatitis ) 
combined with inflammatory swelling of the small bile ducts, which gives 
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a positive iesu!t, and jaundice, caused by gross obstruction of the larger ducts 
(by growth or stone) which gives a negative result (cf p 191) 

(u) To give a quantitative measure of the hepatitis present and of changes 
m the intensity of the process 

In hepatitis there is a characteristic alteration in the distribution of the 
plasma proteins Not only is there a fall m serum albumin and a rise in serum 
globulin (as mentioned above), but the relative magnitudes of the different 
components of the globulin fraction (a, p, (f>, y) are changed Fig 550 illustrates 



, NORMAL PORTAL CIRRHOSIS 

1 _OL„ ^ _ _ Jb 

Fio 550 — Electrophoretic Analysis of Distribution of Plasma 
Proteins in Patient with Chronic Hepatitis (Cirrhosis of Lirer) 
compared mth Normal Subject (Whitman et al , J lab clin 
H led , 1950, 35, 172 ) (Cf Fig 73) 

A— albumin a, p, <p, 7 =globiihn fractions 

characteristic serum protein changes m a patient with hepatitis The results 
of the empirical tests are related to these plasma changes Various reagents 
are added to the serum under investigation When the test is positive the 
added reagent is precipitated out of solution ( flocculation ) giving rise to 
turbidity The factor mainly responsible for causing the flocculation is the 
increase in the y-globulm which is commonly associated with hepatitis 
though an increase ir> other globulins may play a minor part , the serum 
albumin inhibits flocculation The thymol reagent (mfia), however, is also 
readily precipitated by lipids , a misleading (“false”) positive thymol 
reaction may thus be obtained in cases of nephritis associated with hpamna 
When the test is negative, no flocculation occurs 
Three types of reagents are used 

(i) Salts of divalent metals , eg cadmium and zme sulphates (These 
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are used in a concentration mucti below that required to give complete 
protein precipitation ) 

(n) A saturated thymol solution 

(m) Negatively charged colloids colloidal gold or a colloidal suspension 
made by boiling an ethereal solution of cephakn and cholesterol with water 
(The y-globukn does not act on these reagents by neutralizing the negatively 
charged colloid since it is itself negatively charged ) 

All these reagents are unchanged by normal blood sera except the thymol 
solution which gives a faint cloud , m hepatitis the thymol cloud may be 
10-30 times as intense as normal, and flocculation occurs Hence the 
thymol turbidity test is specially useful as a quantitative reaction 

The following conditions give positive results with most of the tests 

(a) Hepatitis positive tests are obtained m over 90% of cases 

(b) Virus diseases usually in lymphogranuloma inguinale and sometimes 
m infective mononucleosis 

(c) Protozoal disease usually in Leishmaniasis and sometimes in malaria 

(d) Severe infections tests are sometimes positive in such conditions as 
tuberculosis, pneumoma, infective endocarditis 

( e ) Tests are sometimes positive m multiple myelomatosis, sarcoidosis and 
rheumatoid arthritis 

In obstructive jaundice due to pressure on the larger ducts by growth 
or stone, the tests are almost always negative for the first four weeks and 
maybe for much longer If, after this time, the tests become positive, it may 
be inferred that the back pressure of the bile is damaging the liver cells or 
that infection has supervened (cf (a) and (d) above) Thus, a case of jaundice 
of only a few weeks’ duration which gives positive flocculation tests is probably 
due to hepatitis , jaundice of similar duration giving negative tests is probably 
due to gross obstruction of larger ducts If a positive test is obtained m the 
absence of jaundice, and conditions (6) to (e) (above) can be excluded, 
hepatitis is probably present (e g hepatitis due to amoebic infection) If the 
patient is known to have hepatitis, the condition must be regarded as 
incompletely healed until the thymol turbidity is quantitatively normal 

The source of the y-globukns which are responsible for the positive 
reactions, is obscure It has been suggested that they are the products of 
abnormal activity by damaged kver cells , but their occurrence m many 
other diseases m which the liver is not known to be involved, indicates that 
they may be derived from other sources, e g the reticulo-endothelial system, 
lymphocytes or plasma cells 

Acute (Rapidly Fatal) Hepatic Failure ( Acute Yellow Atrophy, 
Acute Massive Hepatic Necrosis) — The cause of many of these cases is still 
undetermined , the condition constitutes the nearest equivalent m man to 
that found m ammals after complete extirpation of the liver 

The initial symptoms are indefinite , the patient feels ill and complains 
of loss of appetite ( anorexia ) and nausea He is apathetic and spends most 
of the day m a drowsy state At night his sleep is disturbed by unpleasant 
dreams There is achlorhydria which is resistant to injection of histamine 
(p 783) The breath is foetid, “like the smell of a freshly opened corpse ” 
The patient finally takes to his bed owing to extreme weakness Vomiting 
develops which becomes persistent , jaundice appears which soon becomes 
severe The serum bilirubin rises (e g to over 20 mg-% , the icterus mdex may 
27 
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exceed 100 units) 1 , tlie blood protbrombm falls (e g to 10% of normal) as 
does the plasma fibrinogen (eg to 0 1 g-%) , bleeding may occur into the 
skin and mucous membranes The blood urea is low (eg 8 mg-%) , the 
blood ammo-acid level is raised and amino-acids appear m the unne , the 
blood NR, is raised The pulse, temperature, and respiration are unaffected 
until late m the disease when the pulse accelerates and the temperature rises 
The final symptoms are nervous and mental and are perhaps due in part 
to progressive liypoglycaemia “ Consciousness is clouded,” and there are 
hallucinations and delirium A rigidity like that found m Parkinsonism 
develops and there are fine muscular twitchmgs, but convulsions are rare , 
finally coma sets m which deepens into death 

The non-specific hepatic tests (t e the various flocculation reactions) 
become positive after the first few days and are indicative of “ active damage ” 
to the liver cells 

In some cases (hepato-renal syndrome) additional signs of renal insufficiency 
are prominent, e g decreased volume of urine, retention of nitrogenous 
substances in the blood, and finally even complete anuria 

1 Icterus index — Tins is a measure of the concentration of scrum bilirubin and bihverdm, 
obtained by comparison of the intensity of the yellow colour of tho serum with a standard 
potassium dichromato solution Tho index is expressed m standard, though arbitrary, 
units, and normally lies between 3 and 6 units, above 15 units, chnical symptoms of 
jaundice may appear 
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METABOLISM 

CARBOHYDRATE METABOLISM 1 DIGESTION, ABSORPTION, AND 
STORAGE OF CARBOHYDRATES 

Carbohydrates of Food — The principal carbohydrates in the food are 

( l ) Polysaccharides (C m H 2n O n ), e g starch (C 6 H 10 O 5 ) v m vegetable foods 
Cellulose and pectins cannot be digested by the enzymes of the human bowel 

(n) Disacchandes (C 12 H 22 O u ), e g sucrose (saccharose, cane- or beet- 
sugar), lactose (from milk), and maltose 

(m) Monosaccharides (a) Hexoses (C 6 H 12 0 6 ), eg glucose (dextrose), and 
fructose (lsevulose) in fruits and vegetables (Galactose is not mgested as 
such but is split off from lactose) 

(b) Pentoses (C 5 H 10 O 5 ), not in the free form, but m nucleic acid (p 878) 
and in certain polysaccharides, e g the pentosans of flints and gums 

The metabohc “ pathway ” of carbohydrates (i e the sequence of inter- 
mediate compounds and reactions by which metabolic transformations are 
effected) may be ]omed by certain food constituents which are not carbo- 
hydrates, e g glycerol 

Digestion — (1) £Zyah?i_of_the_saliya can only digest starch after the 
cellulose envelope has been burst, e g By cooking It acts in an alkahne, 
neutral or "faintly acid medium (optimally at y>H 6 5) 2 Ptyalm digestion can 
thus continue m the stomach for about half an hour until it is arrested by the 
excessive acidity of the gastric contents The (unimportant) digestive action 
of ptyahn may thus be summarized 

Starch y erythro-dextnn y achroo-dextnn y maltose 

(dextrins of decreasing complexity) (to some extent ) 

(n) The HC1 of the gastric juice may hydrolyse some sucrose 

(m) Amylase of the pancreatic juice rapidly converts all forms of starch 
and dextrins completely into maltose It acts m an alkahne medium, and its 
digestive activity is increased by the presence of the bile salts 

(iv) Succus entencus contains three classes of enzymes, mvertase ( sucrase ), 
maltase, and lactase, which convert disacchandes into monosaccharides as 
follows 

Invertase 

Sucrose y Glucose -f Fructose 

Maltase 

Maltose y 2 Glucose 

Lactase 

Lactose y Glucose + Galactose 

1 For general discussion see Soskm and Levine, Carbohydrate Metabolism, Chicago, 
1946 Bell, Introduction to Carbohydrate Biochemistry, 2nd ed , London, 1948 

For an account of the general methods used m metabohc studies (including the use of 
isotopes), see p 904 

2 Tho reaction of saliva as secreted is faintly acid , if the C0 2 m solution is allowed to 
escape by exposure to the air the reaction becomes faintly alkaline 
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Pentoses are liberated as an end-product of the digestion of nucleic acid 
(p 879) and from the partial digestion of pentosans 

The end-products of carbohydrate digestion are, therefore, mono- 
saccharides, by far the most important of which is glucose 

Bacteria in the large intestine may convert some glucose into methane, 
CO 2 , and other products 

Absorption — (1) Mechanism or Absorption — Absorption of the mono- 
saccharides from the lumen of the small intestine into the portal circulation 
takes place m two ways (l) By simple diffusion of sugar, due to the higher 
concentration in the gut than in the blood 

(n) By the active intervention of the living intestinal cells The process 
concerned resembles that responsible for the reabsorption of glucose from 
the lumen of the renal tubule into the blood , it involves phosphorylation 
(p 815), i e the union of the sugar with phosphate , it only concerns the 
“ physiological ” hexoses, i e glucose, galactose, and fructose (and not the 
non-physiological hexoses hke mannose, or the pentoses) If the intestinal 
mucous membrane is killed, depressed by coohng to a low temperature, or 
poisoned by phlondnn (p 32) or lodo-acetic acid, “ active ” absorption 
ceases and simple diffusion alone takes place 

(2) Rate or Absorption — The rate of absorption by the living intestinal 
mucosa is more rapid than when diffusion alone is taking place In man 
the measured maximal rate of absorption from a 50 cm loop of jejunum 
per hour was glucose, 8 g , galactose, 9 5 g , fructose, 5 g 1 The cor- 
responding rates for mannose or pentose which are absorbed solely by diffusion 
would be (judging from experiments on rats) about 1 g The following factors 
mfluepce the rate of absorption 

~'Av The state of the mucous membrane ((1) (n) supra) and the length of time 
during which the carbohydrate Is in contact vith it Absorption is thus 
depressed m diarrhoea l conditions (because of hurry), in enteritis and m cochac 
disease (the nature of the mucosal disturbance in this condition is unknown) 
(The effects of widespread excision of the small intestine and of gastro-cohc 
fistula are discussed on p 797 ) 

Jtole^of fffndocrmes — (a) Thyroid thyroxine acts directly on the 
intestinal mucosa stimulating absorption The rate of glucose absorption is 
thus depressed in myxoedema accounting for the flattened glucose tolerance 
curve, and stimulated in hyperthyroidism giving a diabetic-looking glucose 
tolerance curve (cf p 922) 

(i b ) Anterior ^pituitary affects absorption solely through its influence on 
the thyroid , hyperpituitarism induces thyroid overactivity and hypo- 
pituitarism induces thyroid atrophy, with the results to be expected from 
(a) supra 

(c) Adrenal cortex glucose absorption is depressed m adrenal cortex 
deficiency , it can be restored to normal without the use of cortical extracts 
by a high salt diet which raises the Na+ level in the blood to normal Impaired 
glucose absorption can thus result from an abnormal state of the intestinal 
cells secondary to the altered elect) olyte content of the body fluids which is 
characteristic of adrenal cortex deficiency (p 955) 

(d) In sulin has no effect on absorption 

1 It is not known why fructose is less well favoured than glucose or galactose 
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(m) Role of Vita mins — Various members of the vita min -i? complex 
(p 1024), e g thiamine, pantotbemc acid, and pyndoxme, promote absorption 

Fate of Hexose Sugars — The -bexoses are brought, to the hver from 
the intestine m the portal blood Galactose is converted exclusively m the 
hver into glucose (directly or via glycogen) , fructose is converted both m 
the hver and in the muscles into glucose The glucose which is absorbed 
from the bowel or is formed as a result of these isomerizations is 

(i)' St ored as glycogen m the hver (about 100 g ) and in the skeletal muscles 
(about 400 g ) 

./(h) “ Dissimilated ” (broken down by complete oxidation) m all the tissues 
to yield energy"^ on an average the complete oxidative breakdown ofTg of 
carbohydrate to C0 2 and H„0 yields energy equivalent to approximately 
4000 cal (=4 Cal) 

(in) Co nverte d into fat and stored as such in the fat depots (p 874) 

It should be noted that some of the intermediate products of carbohydrate 
breakdown may be animated to form ammo-acids (pp 853, 889) 

Glycogen — Glycogen is a suitable form m which to store carbohydrate 
(l) Being insoluble it exerts no osmotic pressure and so does not disturb 
the intracellular fluid content 

(n) It has a higher energy level than a corresponding weight of glucose 

(p 845) 

(in) It is readily broken down under the influence of enzymes, (a) into 
glucose m the hver (to mamtam the blood glucose) or ( b ) into lower inter- 
mediates in many tissues (including the liver) to yield energy 

1 Muscle Glycogen is formed from the circulating blood glucose , 
the concentration in resting muscle is 0 7-1 0% The rate of formation of 
muscle glycogen is increased by a rise of blood glucose and by insulin (p 911) , 
it is depressed after removal of the pancreas, and is restored to normal by 
injection of msuhn 

Muscle glycogen is consumed during muscular activity (p 429) , when 
muscle is rested after activity the glycogen store is built up again from 
blood glucose Muscle glycogen cannot readily be converted back into blood 
glucose , thus even during the fatal hypoglycsemia which results from 
hepatectomy the muscle glycogen may not completely disappear (p 824) 

2 Liver Glycogen — The presence of glycogen m the liver can be 
readily demonstrated as follows An ammal is anaesthetized, the hver is 
prepared for excision, frozen in situ with liquid air, removed, plunged into 
boihng alkah to destroy the proteins and enzymes, and then ground up The 
solution contains glycogen (which can be precipitated with alcohol), but 
practically no glucose On the other hand, if the hver is deprived of its 
blood-supply m situ, or kept warm for some time after removal from the dead 
ammal it contains no glycogen, but mstead large amounts of glucose are 
found Clearly, glycogen is normally stored m the hver and is readily con- 
verted under ischaemic^ or anaerobic conditions into glucose The average 
hver glycogen concentration is 5% (cf p 827) 

(1) Formation of Liver Glycogen — Glycogen is formed in the hver 
and muscles via the stages indicated in Fig 551 (p 838) 

Two of the reactions are irreversible 

(i) The conversion of blood glucose to glucose-6-phosphate (by reaction 
with adenosine triphosphate under the influence of the enzyme Jiexohmase) , 



‘ 838 LIVER GLYCOGEN 

tins reaction “ introduces the glucose into the metabolic machinery of the 
cell ” (p 844) 

< (n) The conversion of glucosc-6-phosphatc to blood glucose , this occurs 
m the liver only and by the action of an entirely different enzyme system to 
that in ( 1 ), namely phosphatase {an enzyme which hydrolyzes hexose- 
phosphates to hexose and inorganic phosphate (cf p 845) 

(2) Sources or Liver Glycogen — Liver glycogen is formed from 
(i) The hexose monosaccharide end-products of carbohydrate digestion 
i e glucose, fructose, galactose 

(n) “ Intermediates ” of carbohydrate breakdown, especially lactic acid 
and pyruvic acid (p 852) 

(m) Glycerol derived from the hydrolysis of neutral fat (p 874) 

(iv) Any “ intermediate ” derived from the breakdown of the ammo-acids 
(of proteins) which enter into the so-called “ metabolic pool ” (p 888) There 
is no doubt that in this way glycogen (and glucose) may he formed from many 
ammo-acids after they have been deammatcd 
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Fio 551 — Blood Glucose and tbo Formation and Breakdown of Liver Glycogen 


The quickest way of building up liver glycogen, however, is by raising 
the blood glucose level , this is more rapidly and effectively done by intra- 
venous injection of glucose than by oral administration 

(3) Role of Liver Glycogen — (i) First and foremost it is the only 
immediately available reserve of-blood ghicosc 1 

(n) A high hver glycogen level protects the kvei cell against the harmful 
effects of many poisons, e g carbon tetrachloride, ethyl alcohol, arsenic, and 
various bacterial toxins (p 828) 

(m) Certain forms of detoxication (p 828) aie directly influenced by the 
liver glycogen level 

(a) detoxication by glucuronic acid of substances which contain OH — 
groups, including the steTols {eg pregnanediol (p 1081)) , 

1 The word “sugar ” is commonly used in this book ns synonymous with “glucose,” 
e g m such e\pressions as “ blood sugar ” or “ sugar in unne ” Glucose is sometimes 
referred to as dextrose Occasionally “ sugar ” is used to refer to dietary monosaccharide 
or disaccharide, e g sucrose (saccharose) In the plural form, “ sugars ” is sometimes 
equivalent to carbohydrates The meaning is made clear by the context 
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(b) detoxication by means of acet ylatio n (substitution of an acetyl, % e 
(CH 3 CO — ) group), eg acetylation^f _ ^)-amino-benzoic acid or of sulphan- 
llamide , the acetyl group may be formed thus glycogen— vpyruvic acid— v 
“ 2C unit ” derived from acetate (pp 850, 873) 

(iv) The ratejrf deamination of ammo-acids m the liver is depressed as 
the glycogen level rises, “this means that the ammo-acids are preserved 
longer m that form and so remain available for protein synthesis in the 
tissues 

(v) Similarly a high level of liver glycogen depresses the rate of ketone 
formation from long chain fatty acids and thus abohshes or prevents ketosis 
(p 875) 

The hormones controlling the metabohc activities of the hver, and the 
key role of the hver in the regulation of the blood glucose level are considered 
on pp 856-859 

Other Forms in which Carbohydrate is found or Used in the 
Body — (l) Lactose secreted by the lactating mammary gland m the 
milk , presumably it is synthesized from blood glucose (p 1096) 

(n) Fructose found as the free sugar m foetal blood and in semmal fluid 

(in) Glucuronic Acid (as glucuronides) formed m the hver for the 
“ detoxication ” of many alcohols, phenols, and acids (p 828) 

(iv) Pentoses ( nbose and deoxynbose) constituent parts of nucleic acids 
(p 878) and nucleotides Ribose is a constituent part of the nucleotides con- 
cerned with 

(a) hydrogen transport, e g coenzymes-I and -II (di- and tn-phospho- 
pyridine nucleotides respectively) (p 841, Fig 552) , flavm-adenme chnu- 
cleotide from flavoprotems (p 854) , 

(b) phosphorylation, e g adenosine mono-, di-, and tn-phosphates (AMP, 
ADP, and ATP respectively) (p 842, and Fig 553) 

(v) Muco-poly saccharides found m vitreous h imour, synovial fluid, and 
viscous secretions generally, and in cartilage, tendon, and bone These 
complex polysaccharides contain glucuronic acid and hexosammes ( glucosamine 
or galactosamme ( chondrosamme )) as part of their molecular structure 
Heparin (p 144) and chondroitm (the cementing material ol connective 
tissue) are muco-polysacchandes which also contain sulphate groups , 
hyaluronic acid (a highly viscous substance which can be extracted from 
vitreous humor, umbihcal cord, and skm) contains no sulphate Many 
muco-polysacchandes are also combined more or less firmly with specific 
proteins to form the muco- or glyco-protems, e g mucins from gastric mucosa, 
anterior pituitary hormones (p 930), and some serum proteins Specific muco- 
polysacchandes appear to be responsible for certain antigemc reactions 

(vi) Galaclohpides ( cerebrosides ) found m bram and nervous tissue On 
hydrolysis they yield galactose, a fatty acid, and a complex nitrogenous base 
called sphtngosme , their function is unknown 


DISSIMILATION OF CARBOHYDRATES IN TISSUE CELLS 

The useful term dissimilation has been introduced to descnbe all the 
breakdown processes undergone by a foodstuff through many intermediate 
stages until the final end-products are reached , m the case of the carbo- 
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hydrates the end-products are C0 2 and H 2 0 The opposite transformation, 
i e the budding-up of storage and structural materials from dissimilation 
products, is termed assimilation 

Before discussing the problem of carbohydrate dissimilation m detail, 
some chemical considerations must be briefly reviewed 
J Enzyme Systems 1 — All the metabolic reactions to be described depend 
upon the catalytic activity of enzyme systems These consist of a soluble 
protein ( enzyme-protein , apoenzyme) together with vanous accessory 
substances If the latter is a simple ion (e g Mg++, PO "') it is called a cofactor 
and usually accelerates the enzyme action , if it is a complex organic, but 
non-protein, substance it is called a cocnzyme and usually acts as an essential 
intermediate carrier of products of the enzyme-catalysed reaction The 
enzyme-protein is generally specific for a particular chemical reaction or type 
of reaction , a particular coen/yme, liowc\ er, may act as a earner in a number 
of different systems ( i c it is less specific) Certain proteins (the conjugated 
proteins) consist of a protein moiety chemically combined with an organic, 
but non-protein, unit called the prosthetic group of the protein "With enzyme- 
proteins of this type, the prosthetic group acts as an intermediate carrier of 
products of the reaction, i e the enzyme has a “ built-m ” coenzyme , 
examples are the flavoprotems and cytochrome oxidase (p S34) 

J Biological Oxidations — It is characteristic of many forms of tissue 
oxidation that the process does not involve the addition of atmosphenc 
oxygen to the substrate, but the addition of water (+H 2 0) to form a “ hy- 
drate ” followed by dehydrogenation (removal of hydrogen) (— 2H), leaving 
an atom of 0 attached to the substrate For a given reaction, a specific 
enzyme (a dehydrogenase) catalyses the release of 2H from the “ hydrate ” 
m the presence of a suitable hydrogen acceptor, i e a coenzyme (Co) which 
unites readily with the hydrogen Examples are the oxidation of phospho- 
glyceraldehyde to phosphoglyceric acid (p 813) and the oxidative decar- 
boxylation of pyruvic acid (p 850), both of which are of the general type 

+HoO cnzyme-fCo 

R — CEO R— CH(OH) 2 >- R— COOH -f Co 2H 

“ hydra to ” (where R=nn organic grouping) 

The addition of phosphoric acid rather than of water may occui to give 
phosphate derivatives Many of the reactions are reversible 

The commonest coenzyme acceptor for dehydrogenase reactions is a 
complex derivative of nicotinamide (one of the vitamins of the B group, 
p 1026) called coenzyme-1 (Co-I , also called cozymase, or diphosphopyndme 
nucleotide, DPN) Its constitution is shown m Fig 552 , it is believed that 
in the reduced form the hydrogen is attached to the nicotinamide moiety 
There is also a corresponding triphosphopyndme nucleotide (TPN, coenzyme- 
II) These are instances of a “ micro-dietary ” component (nicotinamide) 
being indispensable to the body (i e being a vitamin) because it participates 
in a fundamental metabolic process and yet cannot be synthesised 

The reduced-coenzyme is ultimately re-oxidised by passing its hydrogen 
along a chain of hydrogen earners, finally to form water by reaction with 
molecular oxygen (p 854) 

1 Dixon, Multi enzyme Systems, Cambridge, 1949 Sumner and Myrback, The Enzymes, 
N Y , 1950, 1951 
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/ Energy Transfer — All cliemical reactions involve energy exchanges 
The energy values are customarily expressed m heat units (calories *) , a 
chemical reaction which hberates heat is said to be exothermic ,_and one which 
takes m heat is endot herjmc However, the energy which can be made available 
for the performance of useful work by a chemical reaction is not always 
equivalent to the heat hberated, irrespective of the efficiency of the process 
It is the amilgblejjneiabolically^usable) energy which is of importance m 
metabolic processes Reactions releasing usable energy are terme d exergonic 
and those requiring external energy to be supplied are termed endergomc 
Most dissimilation (catabolic) reactions are exergonic Thus the" complete 
oxidation of 1 g -mol (180 g ) of glucose to C0 2 and H 2 0 hberates energy 
equivalent to 686,000 cal of heat , m other words, the energy content of 
glucose is 686,000 cal /g -mol above the energy content of its oxidation 


§ 

1 ' 

! 


£nicobinamide J 

C0NH 2 



[ribose] 

Fig 552 — Coenzyme I (Diphosphopyridme nucleotide, DPN) 


products To reverse the reaction and synthesise 1 g -mol of glucose from 
CO 2 and H a O (as occurs m plants during photosynthesis), energy equivalent 
to 686,000 cal must be supplied to the system from an outside source 

A complex molecule has a higher energy content than the atoms or 
simpler molecules from which it is built because of the energy of formation 
of the chemical bonds which hold it together , this bond-energy is hberated 
when the bonds are broken The bond-energy of the link between two given 
atoms of a molecule naturally depends on the structure of the whole molecule 
This point is well illustrated by reference to the very important group of 
organic phosphates, which have the general formula R PO(OH) 2 , where R 
represents an organic radical derived, for example, from glucose, creatine, 
etc (see p 842) 

When most organic phosphates are hydrolysed (liberating phosphoric 
acid), energy equivalent to about 2000-3000 cal /g -mol is made available 
as heat In these cases, the bond broken is called a low-energy phosphate 
bond , the formulae of phosphates with such bonds are written R — ph, 
where — ph represents the phosphate group joined to the rest of the molecule 

1 One g calorie (cal )=heat to raise the temperature of 1 g of water through 1° 
One kg calorie (Cal ) = 1000 cal Cf footnote on p 375 

27* 
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by a low-energy bond 1 But when some organic phosphates (of special 
structural types) are hydrolysed, energy equivalent to about 12,000 cal /g - 
mol is made available These phosphates contain hgli-energy phosphate 
bonds , their formulae are written ll~ph, vhere ~ph represents a phosphate 
group joined to the rest of the molecule by a high-energy bond 
The metabolically-important phosphates of each type are 
(i) Low-energy glucose-l-phosphate and glucose-6-phosphate , fructose- 
diphosphate , phosphoglyceraldehyde , monophospho-glyceric acid , adeno- 
sine monophosphate (AMP) 

( 11 ) High-energy the second and third phosphate bonds of adenosine 
triphosphate (ATP) , creatine phosphate , diphospho-glycenc acid , phospho- 
pyruvic acid , acetyl phosphate 
Thus 
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R6le of High-Energy Phosfhates — These high-energy phosphates are 
important in metabolism foi the following reasons 

(a) The phosphate group may be transferred directly to another organic 
molecule without much of the high energy of its bonding being dissipated as 
heat The product is a phosphorylated molecule , it may or may not have a 
high-energy phosphate bond, depending on its structure, but it has a total 
energy content exceeding that of the Mon-phospliorylated molecule by 

1 The symbol ph for phosphate is not to be confusod with pH (log of hydrogen ion 
concentration (p 89)) 
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3000-12,000 cal /g -mol Examples are the mteraction of ATP with glucose 

(p 845) 

glucose + adenosine — ph~ph~ph 
(ATP) 

>■ glucose — ph + adenosine — ph~ph 

(glucose 6 phosphate) (ADP) 

and with creatine (pp 429, 893) 

creatine -f- adenosme — ph~ph~ph 

^ creatme^ph -f- adenosine — ph~ph 
(creatine phosphate) (ADP) 

It must again he emphasized that a molecule formed by phosphate transfer- 
ence from a compound with a high-energy phosphate group does not necessarily 
have a lngh-energy phosphate group itself, though the whole molecule is raised 
to a higher energy level , only the special phosphate structures hsted previously 
have high-energy phosphate bonds 

(b) If the overall dissimilation processes of metabohsm are imitated m a 
test-tube, the hberated energy is dissipated as heat In the body, this energy 
of dissimilation, instead of immediately being lost as heat, is used to synthesise 
compounds containing high-energy phosphate bonds (e g ATP) , these com- 
pounds are stored, and the energy “ locked-up ” m them is utihsed as 
required (see (c) below) The mechanism of the process is beheved to be as 
follows phosphate compounds contaimng low-energy phosphate bonds 
undergo reactions (usually oxidations) that convert them into other derivatives 
containing high-energy phosphate bonds , the resulting phosphate groups, 
with their attendant high energy, are then used to phosphorylate ADP, 
giving ATP The energy of the dissimilation has thus been “ channelled ” 
into the products of the reaction For example, the direct oxidation m vitro 
of phosphoglyceraldehyde to phosphoglyceric acid liberates energy as heat , 
but in the body, this stage of the dissimilation of carbohydrate proceeds thus 
(see also p 848) 

ph— G CHO 
(phosphoglyceraldehyde) 


ph— G COOH 

(phospho glyceric acid) 

+ ATP 

(usable energy as ~ph) 

[ADP takes up the ~ph 

(c) High-energy phosphate appears to be the sole source of energy that 
cells can use directly It is used (a) to effect chemical synthesis , (/9) to 
perform work (muscular, osmotic, secretory) , (y) to liberate heat (by 
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hydrolysis) (maintaining the body temperature but thereby dissipating the 
metabolic energy) The energy of muscle contraction is behoved to be 
derived directly from ATP (p 429) 



Structure of Glucose, Fructose, and Glycogen — The structural 
formula of glucose is shown in Fig 554 It contains a pyranose ring system 
(5 C atoms and 1 0 atom) , the 6 C atoms of glucose, numbered from (1) to 
(6) as shown, carry hydroxjl (—Oil) substituents and can form phosphate 
esters (— 0 — ph) 

Fructose (an isomer of glucose) also contains a pyranose ring, but its 
phosphate esters are derived from a modified, more reactive, furcinose ring 
system (4 C atoms and 1 0 atom) 

Glycogen consists of many hundreds of glucose units linked together 
(with elimination of the elements of water) through ghtcoside hnkages 
(C — 0 — C) The linkage may be between C (1) of one unit and C (4) of an 
adjacent unit (a 1 4 linkage) giving a straight chain, or between C (1 , of one 
unit and C (0) of another (a 1 G linkage) giving a branched arrangement 
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•Tlio Structuro of Glucose 



Both types of linkage (and possibly others) occur m glycogen, which is thus 
a large ramified molecule (Fig 555) 

Uptake of Blood Glucose to formGlucose-6-Phosphate Hexokinase 
Reaction —(1) Glucose is not directly metabolized m the body It is first 
raised to a higher energy level (and thus “ taken into the metabolic 
machinery ” of tissue cells) by conversion into glucose-6-pkosphate This 
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uptake of phosphate is called phosphorylation, 1 not to be confused with 
phosphorolysis (see p 847) 

The responsible enzyme is called JiexoLmase , it “ specifically activates ” 2 
the glucose molecule to receive phosphate from adenosine triphosphate 
(ATP), thus 

glucose + adenosine — pk~ph~ph 

(ATP) 

hexokmase 

glucose — ph + adenosine — ph~ph 

(glucose 6- (ADP) 

phosphate) 

Glucose-6-phosphate has a low-energy phosphate bond , but since the whole 
molecule is at a higher energy level than glucose, the hexokmase reaction 
is irreversible Free blood glucose is regenerated (mainly m the liver) from 
glucose-6-phosphate by direct hydrolysis, under the influence of an enzyme, 
phosphatase , this reaction also is irreversible 

glucose-6-phosphate + water 
phosphatase 

>- glucose + phosphate (+ energy wasted as heat) 

It has been suggested that the effects of anterior pituitary factors, adrenal 
corticoids and insulin on glucose metabolism may be due in part to their 
influence on the hexokmase reaction (pp 913, 937) 

(2) If ATP is to continue to function as an energy donor in the hexokmase 
reaction, it must be steadily re-formed by the phosphorylation of ADP In 
muscle, the necessary high-energy phosphate groupings (~ph) are provided 
by the stored creatine phosphate (pp 429, 893), thus 

creatme^ph + adenosine — ph~ph 
(creatine phosphate) (ADP) 

creatine -f- adenosine — ph~ph~ph 

(ATP) 

(3) “ Below ” the level of glucose-6-phosphate, the metabolic histones of 
glucose and glycogen are identical The energy levels of glucose-6-phosphate, 

1 Cf phosphorylation m the absorption of glucose from the intestine (p S36) and the 
renal tubule 

• This resounding term, 11 activates,” gives the impression of conveying meaning without 
of course explaining what is as yet not understood, t e how the enzyme really acts 
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glucose-l-pkosphate and glycogen arc approximately the same, and thus their 
enzymic mterconvcrsion is readily reversible 
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Fio 55G — The Dissimilation of Glycogen and of Glucose to Pyruvic Acid (see pp 847-848 
for description of the reactions numbered ) (Diagram by J B Jepson ) 

Glycogen Dissimilation — It is generally accepted that the broad plan 
of glycogen dissimilation has been elucidated, but many of the detailed 
problems are still unsolved or even uninvestigated The conclusions that 
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follow apply mainly to processes m skeletal muscle and liver, but probably 
similar changes occur in other tissues 

The dissimilation occurs m two mam stages 

(A ) The breakdown of glycogen (or of glucose via glucose-6-phosphate) to 
pyruvic acid 

(B ) The further transformations of pyruvic acid 

Fig 556 shows the known steps of stage A 

(A ) Glycogen or Glucose to Pyruvic Acid — (1) Glycogen-vGlucose- 
1 -Phosphate (process phosphorolysis , enzymes phosphorylases , reaction 
is reversible) Phosphorolysis involves splitting the glucoside linkages of 
glycogen by orthophosphonc acid (H 3 P0 4 , H — 0 — ph), attaching — 0 — ph 
at C (1) of one umt, and H — to the adjacent unit (Fig 557) Phosphorolysis 

Glycogen chain 


ch 2 oh ch 2 oh 




glucose - 1 - phosphate 

Fig 557 — The Phosphorolysis of Glycogen to give 
Glucose 1-Phosphate 

should be compared with hydrolysis, where splitting is accompanied by the 
addition of the elements of ivatei , H — O-H (e g the hydrolysis of starch or 
glycogen by amylases) Phosphorolysis differs from hydrolysis m the follow- 
ing ways (i) hydrolysis liberates energy as waste heat , phosphorolysis 
gives a product (m this case, glucose-1 -phosphate) with approximately the 
same energy level as the substrate (glycogen) , (n) hydrolysis is usually 
irreversible because of the energy change , phosphorolysis is reversible 

(2) Glucose -1-Phosphate-*-Glucose- 6 -Phosphate (process intra- 
molecular phosphate transfer , enzyme phosphogluco-mutase , reaction is 
reversible) The low-energy phosphate group is transferred from C (1) to 
C(«, The metabolic paths of glycogen and glucose join here (see p 845) 
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(3) Gi,ucosE-G-PnospnAT!>->FRucTosi>6-PHOSpnATE (process isomeriza- 
tion , reaction is ie\ ersible) , its significance is unknown 

(4) FnuciosE-6-PnospirAiE-vFRUcrosE-l G-Dipiiospiiate (process 
phosphorylation), raising the molecule to a higher energy level, utilising a 
high-eneigy phosphate bond (^ — ph) from ATP 

fructose — ph -f- adenosine — ph~ph~ph 

y ph — fructose — ph + adenosine — ph~pli 

(5) Fructose-Diphosphate-?^ Mols of Triose-Piiosphate (process 
cleavage , enzyme zymohexase , reaction is reversible, little energy change) 
The tnose (3 C) compound phospho-gh/ccraldchyde is ultimately formed 

(6) Pnospno-Gn\ci RALDEinDE-^Piiospno-Gi^CERic Acid This re- 
action can be considered as occuiring m three stages (hypothetically-distinct, 
sec section on phosphate eneigy, p 813) 

(a) phosphogljgeraldehjde -f- IJ^POj — v diphosphoglyceraldehyde 

(b) diphosphoglyceraldehj’de + Coonzj’ineT (Co-1) 

y diphosphoglycenc acid -f Co-1 2H 

(c) diphosphogh ceric acid -f- adenosine diphosphate (ADP) -y 

phosphoglj'ceric acid -f- adenosine triphosphate (ATP) 

Stage (a) imolvcs the non-en/ymic addition of phosphoric acid to phospho- 
glyccraldeh) de The pathways for glucose and glycerol (from fats) join here 

In stage (6), dehydrogenation of the addition product occurs (enzyme 
tiiosc-jihosphatc dehydrogenase) to gi\e diphosphogh ceric acid, which has one 
of its phosphate gioups associated with a high-energy bond The hydrogen 
fioin the dehydrogenation is passed directly to cocnzynic-I (Co-I) (see Fig 556, 
p 84G) It might bo thought that the sequence of reactions described 
above w ould Inn e to stop w hen all the coenz) me-I (Co-I) had been reduced 
to Co-I 2H How’cver, it is permitted to continue because the reduced 
coenzyme is reoxidised by transfcriing its 211 either (a) directly to pyruvic 
acid (under anauobic conditions only, see below), or [P) thiougli a chain of 
II acceptors until it is finally disposed of by uniting with molecular oxygen 
to form water (for details, sec p 851) 

In stage (c) the high-energy phosphate group of diphosphoglycenc acid 
(together with its eneigy bond) is transfer) cd to a molecule of ADP, raising 
it to the higher eneigy lei el of ATP The energy liberated in passing from 
phosphoglyceraldehyde to phosphoglyceric acid has thus been retained wuthm 
the system and used to synthesise ATP from ADP and phosphate 

(7) Pnospno-GLYCERic Acid-^Phospho-Pyrui ic Acid (piocesses re- 
arrangement, followed by dehydration) Phosphopyruvic acid has a high-energy 
phosphate bond , phosphoglyceric acid has not 

(8) Phospho-Pyruvic Acid-j-Pyiiuvic Acid (process transference of 
high-energy phosphate from phosphopyruvic acid to ADP, giving ATP) 

It should be remembered that each glucose unit of glycogen gives rise to 
two molecules of tnose and subsequent products Thus the dissimilation of 
one glucose unit of glycogen to two molecules of pyruvic acid generates energy 
sufficient to be bound as four high-energy phosphate bonds m four newly- 
formed ATP molecules (two formed at step 6(c) and two at step 8) But 
one ~ph from ATP is used (m step 4) to raise the energy content of the 
reactant to a level high enough to initiate the chain of dissimilation reactions 
Therefore the net release of metabolically-available energy is three high-energy 
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phosphate bonds (approx 36,000 cal ) per g -mol of glucose If tlie process 
starts from free blood glucose, the net release is only two high-energy phosphate 
bonds, since the '-—ph of one ATP is used in the hexokinase reaction (p 844) 
(B ) Fate of Pyruvic Acid — Pyruvic acid, CH 3 CO COOH, is a key 
substance in metabohsm It is a metabohc stage which is reached by all the 
foodstuffs (i e protein and fat, as well as carbohydrate) either directly or through 
common intermediates (see Figs 558, 562, 569) 

(1) Conversion of Pyruvic Acid to Lactic Acid — This conversion is 
of importance because it occurs m skeletal muscle working under conditions 
of absolute or relative oxygen lack, eg m isolated muscle contracting in an 
atmosphere of nitrogen, or m working muscles durmg maximal exercise In 
the presence of adequate oxygen supplies, no lactic acid is formed , pyruvic 
acid is broken down through complicated intermediate steps to CO, and H 2 0 
(p 850), and the reduced coenzyme (Co-I 2H) is steadily reoxidised to Co-I 
so that it can continue to function as hydrogen-carrier m stage A (6b) In the 
absence of adequate oxygen supplies all the Co-I would soon be put out of 
action as it would all have been converted to the reduced form, Co-I 2H 
But in these circumstances, pyruvic acid acts as a temporary H earner (acting 
in place of the molecular oxygen which is not available), i e pyruvic acid 
dehydrogenates (oxidizes) the (reduced) Co-I 2H back to (oxidized) Co-I , 
the latter can then continue to act as hydrogen carrier in the energy- 
mobilizing reactions leading to the formation of more pyruvic acid The 
pyruvic acid itself is reduced to lactic acid 

Co-I 2H + CH 3 CO COOH Co-I + CH 3 CHOH COOH 

pyruvic acid lactic acid 

Thus under anaerobic conditions, all the muscle glycogen can be broken down 
into lactic acid to yield energy without the Co-I being completely saturated 
with H and so put out of action (Fig 556) 

The reaction pyruvic acid^lactic acid is reversible the same enzyme 
and coenzyme are involved whichever way the reaction is moving If a 
muscle forming lactic acid is re-supplied with enough oxygen, or the lactic 
acid circulates to a point of greater oxygen availability, the reaction is 
reversed and lactic acid is reconverted to pyruvic acid, thus 

CH 3 CHOH COOH + Co-I >• CH 3 CO COOH + Co-I 2H 

Co-I 2H >- Co-I + 2H 

2H (through many intermediate carriers, see p 854) + mol 0 -> H 2 0 

The enzyme concerned is called muscle lactic dehydrogenase simply because 
it has been mainly studied m the lactic acid— ^-pyruvic acid direction When 
the enzyme is catalysing the reverse reaction it is catalysing the addition of H 
and would be more appropriately called a hydrogenase (but enzyme teim- 
mology must be taken as it is, with all its imperfections) 

It is important to realize that the details of glvcogen dissimilation down 
to pyruvic acid set out in A (l)-(8) above come mainly from experiments don^ 
under ancerobic conditions, i e conditions under which only lactic acid, and 
not pyruvic acid, appears On the whole, opinion favours the view that the 
stages m the serobic pathway leading to pyruvic acid are the same as the initial 
stages leading to lactic acid, i e that the scheme is followed oxidatively as 
well as anaerobically, but there is no certainty about this , alteruntne path- 
ways from glycogen to pyruvic acid may play some part 
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(2) Dissimilation or Pyruvic Acid to C0„ and H,0 — Mechanism of 
l GO, Formation Decarboxylation 1 — It lias been emphasized that molecular 
oxygen does not unite directly with hydrogen of the substrate, but that 
the hydrogen must pursue a complicated route to reach molecular oxygen to 
form water (p 854) Likewise, molecular oxyqen never unites directly with 
carbon of the substrate to form carbon dioxide CO, is always liberated by a 
process of enzymic decarboxylation, t c C0 2 is split off from the carboxyl 
group ( — COOH) of mteimediate organic acids 

The details of these reactions arc obscure, but the following points appear 
established 

Decarboxylation may be either non-o\idative or oxidative 
(l) Non-oxid alive, i c C0 2 alone is split off, thus 

CILjCOCOOH * CH 3 CHO -f CO, 

pyru\ ic aud acetaldehydes 

(n) Oxidative, i e m addition to the hbeiation of CO,, dehydrogenation 
(oxidation) also occurs, thus 

CH 3 COCOOH + H 2 0 + Co CH 3 C00H + C0 2 + Co 2H 

pjruvicacid (coonzynio) acetic acid 

Oxidative decarboxjdation is irreversible , it generates energy which is bound 
as the high-energy phosphate bond of ATP, and reqiures the presence of a 
hydrogen carrier (usually Co-I) A further coenzyme, cocarboxylase, is 
required for both types of decarboxylation , cocarboxylase is a phosphate 
derivative of ancurin {thiamine, vitannn-B 1 ) — another example of a vitamin 
participating in a fundamental enzyme system (p 1026) 

The first dissimilation reaction of pyruvic acid is its oxidative decarboxy- 
lation to acetic acid and C0 2 , complex changes, including two further 
decarboxylations, follow, and ultimately all the C of the substrate is liberated 
as C0 2 (Pig 558) 

C0 2 Assimilation — Some non-oxidnti\ e decarboxylations are reversible, 
i e the enzymes involved can catalyse C0 2 uptake ( assimilation ) as well as 
C0 2 liberation Thus the following important reaction of pyruvic acid is 
known to occur (enzyme ft carboxylase), giving oxaloacetic acid 

CH, CO COOH + CO„ ^ COOH CH„ CO COOH 

pyruMC acid oxaloacetic ncid 

C0 2 is not always a final w aste product of metabolism , it may be used as a 
molecular building material, as in this and many other examples (cf urea, 
p 887 , purmes, p 897) 

Details of Pyruvic Acid Dissimilation Tricarboxylic Acid Cycle — One 
might have thought that pyruvic acid would simply lose successive C atoms 
m the form of CO,, as set out above But the normal route of dissimilation 
turns out to be a "quite unexpected and complicated one The route is as 
follows (see Fig 558) 

(i) By a process of CO, assimilation ( carboxylase reaction) one molecule of 
pyruvic acid takes up one molecule of C0 2 to form oxaloacetic acid (4C , two 
COOH groups = a di carboxylic acid) 

(u) Another molecule of pyruvic acid undergoes oxidative decarboxylation 
to acetic acid (2C , one COOH group) 

1 Ochoa, Physiol Rev , 1950, 31, 66 
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(in) The acetic acid then unites with the oxaloacetic acid to form a 6C 
compound with three COOH groups, i e a tricarboxylic acid, almost certainly 
citric acid 

(iv) By means of two decarboxylations and related oxidations, this 6C 
acid is degraded through a 5C compound to a 4C compound 

The equivalent of the three C atoms present in one of the original molecules 
of pyruvic acid is thus converted into, and given off as, three molecules of 

co 2 

(v) The 4C residue (from the 6C compound) is oxidized back into oxalo- 
acetic acid , the latter (as in (in)) umtes with a second molecule of acetic acid 
(from another molecule of pyruvic acid) to re-form the 6C acid, and so on 
The whole process is thus cyclical, with oxaloacetic acid acting “ catalytically ” 
(The above steps are indicated m Big 558 by the appropriate numbers ) The 
system, which has been demonstrated m many tissues, is variously labelled 
the tricarboxylic acid cycle, the citric acid cycle, or the Krebs cycle 1 


GLYCOGEN 



The structures of some of the known intermediates of the cycle are shown 
in Fig 559 The citric acid cycle is, properly speaking, a system of enzymes, 
not of substrates , however, it is found convenient to think of it in terms of 

1 After H A Krebs, wlxo original); propounded, and found experimental evidence for, 
the system This investigator also gives his name to another cyclical enzyme system — 
— the Krebs urea cycle (p S8G) 



352 CITRIC ACID CYCLE 


substrates, since most of tbe individual enzymes concerned ha\e not been 
isolated 

Each time tlie circuit is completed, one molecule of pyruvic acid 
(CH^COCOOH) is dissunilated, 3 molecules of C0 2 are evolved and 10 atoms 
of H are passed to oxygen (5 0) via cocnyyme hydrogen acceptors , the 
cycle only acts under aerobic conditions 

During this process of dissimilation the total energy of oxidation of the 
pyruvic acid is made available The energy so released is bound as the high- 
energy phosphate bonds of newly formed ATP the mechanisms are presum- 
ably similar to those operating during the breakdown of glucose to pyruvic 
acid (p 84.8) It is found that the complete dissimilation of 2 molecules of pyruvic 
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CH 3 -C00H 



CH Z COOH 

CH 2 

I 

CO* COOH 

Fig 539 — Some important Intermediates of tbe Citric Acid Cycle 
Cf with l'ig 509 (Diagram b} J B Jepson ) 


acid (i e 1 glucose unit) rcsidts in tlie fo> motion of approximately 40 high-energy 
phosphate bonds (40 molecules of ATP), or more than 10 times the energy yield 
of the breakdown from glucose to pyruvic acid Thus the mrobic phase yields 
10 times more energy m useful form than does the anaerobic phase 

The cycle is probably unidirectional as shown , components of the cycle 
can “ escape ” as pyruvic acid by reversal of the carboxylase reaction, step 
(l), Fig 558 (see (4) below) 

(3) Reconversion or Pyruvic Acid to Glucose or Glycogen — The 
dissimilation of glycogen (or glucose-6-phospkatc) down to pyruvic acid is 
reversible 1 Thus pyruvic acid (or any earliei intermediate) can be rebuilt 
into glycogen or blood glucose ( glucogenesis ) The dissimilation process 
from glucose to pyruvic acid hbeiates energy , therefore the reverse process 

1 This is not to say that all the individual enzyme reactions are directly reversible— 
most of them are, and “ by passes ” are available for the others 
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of glucogenesis (which occurs mainly in the liver) will require an equal amount 
of energy to be supplied back This energy is provided by ATP , this sub- 
stance which contains high energy phosphate bonds has itself been built up 
from other energy-liberating reactions, e g from the complete oxidation in the 
liver of a small proportion of the available pyruvic acid The complete 
oxidation of 2 molecules of pyruvic acid or lactic acid provides enough energy 
to rebuild 10 molecules of pyruvic acid into 5 molecules of glucose 

(4) Utilization of Pyruvic Acid in Protein and Fat Synthesis — 
(l) It will be shown (p 888) that many ammo-acids after deamination are 
transformed directly or indirectly into acids which participate in the Krebs 
cycle (Fig 558) In this way they “ go round the cycle ” to form oxaloacetic 
acid and are either dissimilated or else give pyruvic acid, and so may 
ultimately be built into glycogen or glucose 

(n) Conversely, these constituent acids of the cycle (formed from carbo- 
hydrate via pyruvic acid) may be animated (gain NET,) to form ammo-acids 
which may then be used m protein synthesis, thus 


pyruvic 

ch 2 cooh 

animation 

CH a COOH 

1 — ^ nrnfoi n c 

acid 

| 

CO COOH 

oxaloacetic 

acid 

\ 

deamination 

— UiUlclIio 

CH(NH 2 )COOH 

aspartic 

acid 


(m) Similarly, carbohydrate and fat metabolism have a common meeting 
point m the Krebs cycle (Fig 562) Pyruvic acid is oxidatively decarboxy- 
lated to acetic acid (p 850) , acetic acid (or some closely related 2C compound) 
is also the chief product from fatty acid oxidation (p 871), bringing fat into 
the carbohydrate pathway The reverse reaction will synthesize fatty acid 
by combination of acetic acid units obtained from pyruvic acid (p 874) 

(iv) The glycerol for combination with fatty acids to give neutral fats 
can also be synthesised from carbohydrate by the reduction and hydrolysis 
of phosphoglyceraldehyde, an intermediate on the chain of reactions from 
glucose to pyruvic acid (p 848) 

In these ways, proteins, fats, and carbohydrates are interconvertible 
J Common Metabolic Pool — The elucidation of the metabolic pathways 
of the three mam groups of foodstuffs and body components has led to the 
following important conception that, after initial modifications m the first 
stages of metabolism, the carbohydrates, proteins, and fats become incor- 
porated into a system of common caibon fragments no longer distinguishable as 
to origin This system is termed the “ common metabolic pool,” and is based 
mainly on the citric acid cycle Various reversible and irreversible processes, 
forming other cycles, govern the operation of the central metabolic system 
If one type of fragment is lacking wnen needed, or is present m excess, then 
appropriate cycles are set m motion m such a manner as will produce that 
fragment, or dissimilate it 

The entry and exit of carbohydrates, fats, and proteins to and from 
the “ common metabolic pool ” are discussed above and on pp 874 and 8S7 
Similarly, each distinct reversible metabolic cycle constitutes a “ body 
pool ” for a given compound, e g the body glucose pool, the ammo-acid 
pool , the use of isotopically labelled molecules has contributed largely 
to our knowledge of these metabolic cycles (p 908) The size of an individual 
pool can be measured by an isotopic dilution technique The amount of 
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substance thus measured is not solely the amount of free substance distributed 
throughout the body but also includes the amount which could be manu- 
factured reversibly by the operation of other cycles For example, the “ body 
glucose pool ” would include some portion of the liver glycogen as well as 
all the free glucose of the body fluids The meaning of the word “ pool ” is 
thus determined by the measurement techniques that are employed 

Transmigration of Hydrogen to Unite with Molecular Oxygen to 
form Water — When we took temporary leave of the hydrogen released 
from various substrates by the action of dehydrogenases (pp 848, 852) it 
had become attached to a coenzyme hydrogen acceptor, namely coenzyme-I 
(DPN) (or in certain cases, coenzyme-II (TPN) or a flavin (see below)) The 
subsequent transfer of hydrogen to molecular oxygen inv olves the mediation 
of a jlavoprotem , cytochrome, and cytochrome oxulase, a group of substances 
shown by the spectroscope to be widely present m cells 

Flavofroteins — These are enzj'mcs w Inch catalyse the transfer of 
hydrogen from reduced-coenzymes to the prosthetic group of the enzyme 
(p 840) This prosthetic group is a yellow' pigment called flavin (or more 
exactly, flavin adenine dinucleotide, FADN) , it is a derivative of riboflavin 
(vitamin-jB 2 ) — yet another example of the metabolic function of R-group 
vitamins (p 1028) 

Co 2H + flavin — >• Co + flavin 2H 

Cytochrome — This pigment 1 is a conjugated protein carrying an iron- 
containing porphyrin prosthetic group called cytochrome porphyrin The latter 
is allied to, but not identical with, the hrom group of hemoglobin (p 173) 
and it is bound to a protein which is not globm In new of the fact that 
hem and the porphyrin group of cytochrome resemble each other so closely, 
it is remarkable that the luemo-protems derived from them differ so funda- 
mentally m their functions Cytochrome (Cyto ) accepts hydrogen from 
reduced flavin, thus being itself reduced (for mechanism see below) 

flavin 2H + Cyto -> flavin -f- Cyto 2H 

The hydrogen is then transferred to the enzyme cytochrome oxidase, thus 
regenerating oxidized cytochrome 

Cytochrome Oxidase — This enzyme is so called because it catalyses 
the transfer of hydrogen from reduced cytochrome to its own “ built-m ” 
carrier (prosthetic group), which is another iron-porphyrin, similar to, but 
not identical wuth, hoem or cytochrome porphyria Reduced cytochrome 
oxidase transfers its hydrogen to molecular oxygen to form water (for 
mechanism, see below) In this way cytochrome oxidase is restored to its 
oxidized form (CyOx), and the hydrogen from the substrate reaches its final 
resting-place by combining with oxygen derived from the air to form water 

Cyto 2H + CyOx > Cyto + CyOx 2H 

CyOx 2H 4- J 0 2 > CyOx 4- H 2 O 

Hydrogen Transfer in Terms of Electron Transffr— The above 
scheme of hydrogen transfer is an oversimplified account In terms of modern 
chemical theory, the fundamental process involved is electron transfer 

1 Several related ovtoohromes appear to exist, with similar functions but different 
specificities We shall treat them as one 
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A hydrogen atom removed during a dehydrogenation reaction undergoes 
“ acidic ionisation ” to give a proton (positively charged, denoted by IT+) 
and an election (equally but oppositely chaiged, denoted by e') 

H ^ H+ + e' 
atom proton electron 

The term oxidation is applied to a reaction m which a substance loses electrons 
(as well as, of course, to a reaction m which 0 is gamed or H lost) , similarly, 
a gain of electrons is termed i eduction Thus, considering the two forms of 
combined iron, ferrous (Fc 44 ", reduced form) and ferric (Fe +++ , oxidized 
form), we have 

— e' 

(reduced) Fe 44 * ~ Fe 444 ' (oxidized) 

This is equally the case with iron-containing cytochrome (Cyto-Fe +++ ) and 
cytochrome oxidase (CyOx-Fe 444 ") 

H (from substrate via Co and flavin) y H+ -}- e' 

Cyto-Fe +++ -f- s' y Cyto-Fe 44- 

Cyto-Fe 44 " -f* CyOx-Fe 444 ' y Cyto-Fe +++ + CyOx-Fe 44- 

Reduced cytochrome oxidase ,CyOx-Fe ++ , has the unique property of trans- 
ferrwg an electron to molecular oxygen , 

2 CyOx-Fe 44 - + i 0 2 >- 2 CyOx-Fe +++ + 0" 

Protons from the initial ionization then react with the negatively-charged 
oxygen to give water 

2H+ + 0" > H„0 

REGULATION OF BLOOD GLUCOSE LITER AND 
CARBOHYDRATE METABOLISM 

Normal Blood Glucose — The normal mormng fasting level of blood 
glucose is 80-100 mg-% After a meal containmg carbohydrate the level 
rises temporarily to a varying extent, but does not normally exceed 180 mg-% 
The changes in blood glucose which follow the ingestion of 50 g of glucose 
{glucose tolerance curve) are described on p 922 

As glucose is a readily diffusible substance it is distributed fairly uniformly 
throughout the 50 L of body fluids, both extracellular and intracellular 
With a blood glucose level of 100 mg-%, the total glucose content of the whole 
circulating blood (5 L) is only 5 g , but the total glucose content of the body 
fluids is 50 g Isotope dilution methods show that the body “ glucose pool ” 
also includes the amount of glycogen which is available for rapid and reversible 
conversion into blood glucose The comparatively large size of the “ glucose 
pool ” enables it to serve as a “ buffer ” to minimize variations m the blood 
glucose level For example irrespective of the carbohydrate intake, the 
peak rate of sugar absorption from the intestine m man is not more than 
120 g per hour If all this 120 g of sugar were absorbed instantaneously, the 
use m the sugar content of the blood and body fluids would only be 
120 g /50 L=240 mg-% Similarly the “ glucose pool ” can function as a 
reservoir” when glucose is being withdrawn by the tissues, e g during activity 
Glucose normally enters the blood (and body fluids) from the intestine and 
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the liver , it -passes out into the liver and tissues where it is deposited as 
glycogen, dissnmlated, or transformed into fat Many and complex 
mechanisms are in constant operation to preserve the relative constancy 
of the blood glucose level under all normal circumstances They are briefly 
reviewed on p 8G0 

The role of the liver is discussed below 

Relation of Liver to Regulation of Blood Glucose — Glucostatic 1 
Function of Liver — The liver in the intact animal maintains the normal 
level of the blood glucose in three main ways 

t ( 1 ) By regulating the reversible reaction blood glucose Oliver glycogen 
It should be noted that glycogen can also be formed from other hexose 
sugars (fiuctose and galactose) and from products of partial dissimilation of 
glycogen, especially lactic acid (p 837) 

(n) By regulating new glucose formation (neoghicogencsis) mainly from 
non-nitrogenous residues of ammo-acids derived fiom protein, and also to 
some extent from the glycerol derned from fat 

(m) By regulating the removal of glucose from the blood and its deposition 
as fat in the lner The fat can subsequently be stored as fat in the depots, 
or transformed into ketones and distributed to the tissues for dissimilation 
Methods (l) and (n) are discussed more fully below The reactions 
concerned are summarised thus 


+ ATP 


GLYCOGEN (Storage product) 

t 


hexokmase \ S^ose-l-phosphatc 
\ 11 - 

GLUCOSE ^ glucose-6-phosphate 

^ \^phosphatase / j|^ dissimilation 

hydrolysis pyruvic acid ^ lactic acid 

It 


fats ' 


metabolic 

pool 


proteins 


(1) Regulation of the Reversible Reaction, Glucose^Glycogen — 
(i) Glycogen deposition ( ghjeogenesis ) normally occurs whenever the blood 
sugar level rises, e g when hexose sugars are being absorbed from the intestine 
after a carbohydrate meal 

(a) The liver is affected directly by the concentration of blood sugar reaching 
it a local rise of blood sugar increases glycogen deposition , on the other 
hand a fall of local blood sugar stimulates glycogen breakdown and thus sets 
up the “ secretion ” of glucose into the blood [infra) 

(b) Glycogenesis (at a constant blood glucose level) is stimulated by 
insulin (and adrenal coiticouls) (p 946) In insulin deficiency (diabetes 
melhtus) the liver glycogen content is low , it is restored to normal by insulin 
treatment 

(n) Glycogen is converted into blood glucose ( glycogenolysis ) whenever 
1 “ Glucostatic ” tho word is used here to mean “ maintaining the normal range of blood 
sugar level ” 
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the blood glucose tends to fall The fall of blood glucose not only acts directly on 
the liver but also on the central nervous system, and so indirectly on the liver 
A fall of blood glucose stimulates brain centres, leading to increased sympathetic 
activity and additional secretion of adienahne and, possibly, to increased 
secretion of diabetogenic factor of the antenor pituitary The sympathetic 
impulses to the liver acting m conjunction with the hormones, stimulate 
glycogenolysis , m this way, the restoration of the blood glucose level is aided 

Liver glycogen content is dimmished, as might be expected, m muscular 
exercise, exposure to cold, starvation, and following the hypoglyccemia which 
is produced by insulin injection in the nonnal animal The liver response m 
each case is a compensatory reaction to the hypoglyesemia Stimulation of 
the sympathetic supply to the liver (p 711), injection of adienahne (p 727), 
thyroxine (p 979), diabetogenic anterior pituitary extracts (p 937), all of 
which stimulate glycogenolysis, lead to a rise of blood glucose m the otherwise 
normal animal 

(2) Regulation of Neoglucogenesis — By neoglucogenesis is meant 
new glucose formation, ? c formation of glucose from non-carbohydrate 
sources , the sources are mainly protein (non-mtrogenous residues of certain 
ammo-acids) and glycerol derived from fat 

(l) The occurrence and hepatic site of neoglucogenesis can easily be proved 

(a) In the fasting animal, the blood glucose is kept within normal limits 
almost until death occurs As the liver glycogen store is exhausted in about 
24 hours, the blood glucose utihzed by the tissues must be replaced from non- 
carbohydrate reserves, such as tissue protein, or reserve fat, or both 

(b) Removal of the liver leads rapidly to a fatal hypoglyciemia (p 824) 
This is not due simply to the “ amputation ” of the liver glycogen because, as 
just stated, exhaustion of the liver glycogen is not followed by hypoglycaemia 
m the fasting animal w ith an intact liver In the fasting animal then, the blood 
glucose is being manufactured by the liver from non-carbohydrate sources , the 
liver is the only site of neoglucogenesis 

(n) The apparent scale of neoglucogenesis has been calculated as follows 
m the liverless dog, glucose must be infused at the rate of 0 25 g per kg per 
hour to maintain the blood glucose at the normal level This is then the rate 
at which glucose (when it is the only metabohte supphed) is used by the tissues 
of the liverless animal If it could be assumed that glucose is the only 
metabohte supphed to the tissues by the hver m the starving normal animal, 
then this figure would also represent the rate at which the hver is manu- 
facturing new glucose m the starving animal For a man the corresponding 
rate would be 420 g of new glucose daily But there is no doubt that the 
hver m starvation is also forming and supplying ketone bodies to the tissues 
on a considerable scale , the amount of neoglucogenesis would be corres- 
pondingly smaller 

(m) Sources of Neoglucogenesis — Neoglucogenesis takes place mainly from 
protein and to a smaller extent from the glyceiol from fat 

(a) Protein — Evidence is set out on p 888 that many of the ammo- 
acids can be converted into glucose It is reasonable to suppose that such a 
transformation is an important source of the blood glucose m the fasting 
animal (and perhaps to some extent in the normal animal) An injection of 
ammo-acids into the hverless animal does not raise the blood glucose , the 
hver is thus the only site of new glucose formation from ammo-acids 
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(b) Fat — Glycerol , from the hydrolysis of fats, can be transformed into 
blood glucose by the liver, via phosphoglyceraldehyde which lies on the 
reversible pathway of glucose dissimilation (p 848) It reqmres the hydrolysis 
of 8-10 g of depot or liver fat to provide enough glycerol to yield 1 g of 
blood glucose by this route 

There has been much debate as to whether, and if so on what scale, the 
fatty acids derived from fat can also be transformed by the liver into blood 
glucose in the starving animal In the absence of any known pathway for 
this transformation it is concluded here that the amount of such conversion 
is very small (p 874) 

There is no doubt, however, that fat plays an important indirect role in 
maintaining the blood glucose level 

(a) Fatty acids are partially dissimilated in the liver to give ketone 
bodies which are circulated to the tissues , there they are completely dis- 
similated to yield energy, thus reducing the “ demand ” on the blood glucose 

(P) Fatty acids are completely dissimilated in the liver liberating energy 
which is used locally in the resynthesis of glucose from (for example) circulating 
lactic acid (p 853) 

(iv) Control of Ncoglucogenesis — Ncoglucogenesis is regulated so as to 
maintain the normal blood glucose le\ el , if this level rises, new glucose forma- 
tion is decreased, if it falls glucose formation is increased Neoglucogcnesis is 
regulated by the blood glucose level itself, acting m two w ays 

(a) directly on the liver, 

(b) indirectly by affecting the secretion of certain hormones 

The hormones which influence ncoglucogenesis are 

(a) insulin, which depresses it, 

(P) the diabetogenic factor of the anterior pituitary, certain adrenal 
corticoids, and thyroxine, which stimulate it (p 859) 

(3) Control or Blood Glucose by the Liver — Claude Bernard regarded 
the liver as an organ of internal secretion, its internal secretion being glucose 1 
As was shown above, the substances which give rise to blood glucose, i e 
glucogens, are carbohydrate (glycogen), protein and glycerol of fat , the last 
two might be labelled neo-glucogens 

"When the blood glucose level tends to fall, the reaction 
All Glucogens >- Glucose 

(glycogen, amino acid 
residues and glycerol) 

proceeds at a rate which just compensates for the withdrawal of glucose from 
the blood When the blood glucose level tends to rise, the reaction (glucogens 
->-glucose) ceases and the reactions (glucose->-glycogen) and (glucose~>fa tty acids) 
commence and counteract the rise by removing the excess glucose from the blood 

An analogy can be drawn between this blood glucose regulating activity 
of the liver and the role of the hypothalamus in maintaining normal body 
temperature Certain centres in the hypothalamus act as a thermostat 
they are sensitive to minute variations m body temperature and produce 
appropriate reactions to keep the temperature within the normal “ pre-fixed ” 

1 When Claudo Bernard gavo to tho substance which he had o\tractcd from the liver 
the name glucogeno ho was thinking of it as a “ glucogen i e a substance vlncli generates 
glucose to bo tinned out into the blood strenrn Strangely enough the Enghsh term 
glycogen which originally was equivalent to tho French glucogene has come to reler 
principally to a form of storage 
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range The liver can be described as a blood ghcostal, reacting to maintain 
the blood glucose witbm the range of the normal In both instances there is 
a small time lag before the full effect of the reactions is felt, so that some 
denation from the “ normal ” may occur under conditions of stress 

(4) Hormonal Control or the Glucostatic Function or the Liver 
—The regulation of the blood glucose by the hormones depends only m part 
(and not wholly) on their action on the liver The hormones concerned can 
be divided into two groups with roughly opposing actions, namely (i) insulin , 
and ( 11 ) the diabetogenic group w Inch includes the diabetogenic factoi of the 
anterior pituitary, adrenal corticouls, and thyroxine 

( l ) Action of Insulin on Lner — Insulin increases the deposition of 
glycogen, depresses ncoglucogenesis, and increases the transformation of 
glucose into long chain fatty acids (lipogenesis) (p 913) In the absence of 
insulin, hyperglycmmia develops which is due m part to depressed glucose 
utilization by the tissues The In er, however, is also at fault m the diabetic 
organism, because it does not react m such a manner as would tend to restore 
the blood glucose to normal The “ correct ” hepatic response to hyper- 
glyctemia would be increased withdrawal of glucose from the blood and , 
decreased formation of glucose In the diabetic, however, the formation of 
glycogen and of fat from glucose is depressed , new glucose formation 
continues at a rate which is equal to, or even exceeds the normal rate , in 
other words unnecessary amounts of glucose continue to be secreted by the 
liver into the blood 

(n) Action of Diabetogenic Group of Hormones on Liver — This group 
increases the output of glucose by the liver from glycogen and non-carbo- 
hydrate sources (see pp 937, 945, 979) (The individual hormones, however, 
differ in the details of their action on the liver ) In the absence of these 
hormones a fall of the blood glucose level is a less effective stimulus than 
normally in promoting glucogencsis There is consequently a diminished 
secretion of glucose by the liver into the blood, which is inadequate to maintain 
the blood glucose level m the fasting animal , hypoglyccemia develops 

(m) Normally the activity of the two antagonistic groups of hormones is 
nicely adjusted as to preseive the normal blood glucose level A rise of blood 
glucose increases insulin secretion (p 917) and presumably depresses the 
secretion of diabetogenic factor , a fall of blood glucose depresses insulin 
secretion and stimulates secretion of diabetogenic factor If one or other group 
of hormones is put out of action the normal balance is lost, as explained above 

(iv) In the absence of both insulin and the anterior pituitary factor 
(its principal antagonist), a state of affairs which is found m an animal from 
which both the pancreas and the anterior pituitary have been removed 
( Houssay animal ), the mam regulators of the hepatic glucostat are not avail- 
able The glucostatic activity of the liver is then determined solely by 
the direct action on it of the blood glucose level Uncontrolled by the action 
of the hormones, the hver reacts imperfectly and with a much gieatcr time 
lag In the fasting Houssay animal, hypoglycgemia develops (which may be 
rapidly fatal), while aftei a caibohydrate meal considerable hypeiglycmmia 
occurs (cf p 938) 

(v) The nervous ( sympathetic ) supply to the liver is of minor importance m 
Wood sugar regulation , denervation of the hvei does not significantly impair 
the efficiency of the glucostatic mechanism 
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Regulation of Blood Glucose 3 — Normal Blood Glucose —See p 855 

The principal regulatory factors are as follows 

(1) Alimeniauy Canal — Ingested polysaccharides are sloiuly broken 
down mto glucose, so that absorption is never very rapid If glucose itself is 
ingested in large amounts it is held up for a considerable time m the stomach , 
if taken m still greater quantities it is rejected by vomiting (p 929) 

(2) Liver — The fundamental role of the liver as a blood glucostat was 
fully discussed on pp 850-858 

(3) Tissues — The activity of the tissues may either disturb or help to 
restore the blood glucose level Tissue activity withdraws glucose for dis- 
similation and lowers the blood glucose On the other hand a rise of blood 
glucose, both by a direct action and by calling forth a secretion of insulin, 
increases dissimilation of glucose, deposition of glycogen, and the transforma- 
tion of glucose into depot fat 

(4) 116le or Hormones — The blood glucose level is automatically 
regulated by appropriate responses of certain ductless glands Their role is 
discussed in the following places insulin (p 911), anterior pituitary { p 937), 
adrenal cortex (p 945) Hut 1 

(5) Role or Nervous stem — The central nervous system plays an 
accessory rather than a major part in these processes Removal of the 
cerebral cortex: or of the entire cerebrum or decerebration through the mid- 
brain all lead to prolonged liyperglycseinia and glycosuria , tins result is 
likewise attributed to sympathetic overaction 2 

If any considerable change in the blood sugar occurs, symptoms are pro- 
duced , those of hypoglycemia are described on pp S24, 915 , those of 
hyperglycaemia are very uncertain 3 

Causes of Hyferglyclemi \ — Hyperglycoomin is due to more glucose enter- 
ing the blood than leaving it This can occur under the following circumstances 

(l) Excessive glucogenesis in the hver from glycogen, ammo-acids or glycerol 
of fat It may, therefore, follow 7 injection of adrenaline (p 727), anterior 
pituitary extracts (p 937) or thyroxine (p 979) , or it may develop in 
asphyxia or during anaesthesia Hyperglycremia may occur m emotional 
stress, in exophthalmic goitre (p 991), m acromegaly (p 935), or in the 
experimental conditions known as thyroid and hypophyseal diabetes (p 918) 
For the same reason, lesions of the brain m man may be associated with 
hyperglycremia (see above) 

(n) Depressed utilization of glucose After pancreatectomy, injury to 
the islet by alloxan, administration of thyroid (metathyroid diabetes) or 
anterior pituitary extracts (metahypophyseal diabetes) (p 918), or in clinical 
disorders of the pancreas, the hyperglyccemia is due partly to diminished 
glucose utilization and storage (but partly also to excessive glucogenesis) 

At certain levels of hyperglycmmia glycosuria develops (p 927) 

Causes of Hypoglycjemia — Hypoglycamna can be produced by (i) 
excess insulin (p 914) , (n) kepatectomy or diminished hver activity (p 824) 

1 Soslan, Physiol Rev , 1941, 21, 140 - 

2 Tho classical observations of Claude Bernard showed that puncture of the iloor ol 
tho fourth ventnclo causes hyperglycemia , his results w ere probably due to stimulation of 
central pathways which control the sympathetic supply to the hver and the adrenal medulla 

3 The effects of hyperglycemia may bo mainly secondary to the changes it produces 
m renal function, e g excess loss of water and ions in the urine with consequent anhydnemin 
and circulatory failure 
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FAT METABOLISM 1 

Chemistry of Fats — The word, lipide is widely used to refer to certain 
chemical compounds whicju are insoluble in water hut are soluble m the 
so-called fat solvents (e g alcohol, ether, benzene, chloroform) 2 The lipides 
of physiological interest can be classified as follows 

(l) Simple Lipides the most important are the neutral fats ( triglycerides ), 
i e glyceryfesters of fatty acids 

Triglycerides are formed from one molecule of glycerol and three molecules 
of fatty acid, thus 

CH 2 OH HOOCR CEUOOCR 

JhOH + HOOC R' >- CHO OC R' 

(L 2 OH HOOC R" CH 2 0 OC R" 

Glycerol Fatty acids Triglyceride 

where R, R', and R" represent three (possibly different) radicals of fatty 
acids Diglycerides and monoglycerides are formed from one molecule of 
glycerol and two molecules or one molecule of fatty acid respectively The 
most common of the many known fatty acids are 

(i) Palmitic acid, CH 3 (CH 2 ) 14 COOH (a 16 C acid) 

(n) Stearic acid, CH 3 (CH 2 ) 16 COOH (an 18 C acid) 

(m) Oleic acid, CH 3 (CH 2 ) 7 CH=CH(CH 2 ) 7 COOH (an 18 C unsaturated acid) 

(1) and (n) are fully saturated acids , (in) is an unsaturated acid, contaimng 
one double bond, — CH=CH — Practically all the natural fatty acids con- 
tain an even number of C atoms (as might be expected from their mode of 
synthesis, p 873) 

Waxes are esters of fatty acids with long-chain alcohols (instead of with 
glycerol, as m neutral fats) 

(2) Compound Lipides complex compounds formed from fatty acids, 
glycerof^bFrelated substances), and various mtiogen- contaimng bases, and 
often containing 'phosphate groups They are integral parts of the general 
cell structure (p 866) , they are present m large amounts m nervous tissue 
(p 482) , they are employed m fat transport (pp 864, 868) 

The chief types of compound hpide are 

(l) Phospholipides ( phosphatides ), containing glycerol, 2 molecules of fatty 
acid (generally unsaturated), phosphate, and a mtrogen-contammg base 

{choline, (CH 3 ) 3 NCH 2 CH 2 OH, m the case of the lecithins , ethanolamme 
(cholamme), NH 2 CH 2 CH 2 OH, m the case of the cephahns) 

(n) Sphingomyelins, contaimng fatty acid, phosphate, cholme, and a 
complex base ( sghingosme ), but no glycerol 

1 Bloor, Biochemistry of Fatty Acids and Lipids, New York, 1943 Burr and Barnes 
Physiol Rev , 1943, 23, 256 Symposium on “ Triglycerides in Human Nutrition,” Brit J 
Nutrition, 1949, 3, 350 

s In this book, however, the common British practice is followed which is to use the word 
“fat” more vaguely and less correctly as more or less synonymous with hpide (see e g blood 
fat, p 865, tissue fat, p 866) The terms lipm or lipoid are sometimes used instead of hpide 
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(m) Galactohpides ( cerebrosides ), containing the monosaccharide galactose, 
fatty acid, and sphmgosine, but no phosphate or glycerol 

(3) Asso ciated Lipides These are of two mam types (1) Those 
components (tEF spill fats) that are obtained by the hydrolysis of lipides 
o e glycerol, fatty acids, soaps) Soaps are salts of fatty acids, and are 
obtained by the hydrolysis of fats m alkali ( saponification ) 

(n) Those components that are associated with the lipides m tissue 
extracts simply because they are dissolved by the fat solvents mainly 
(a) the steroids (cf p 1074.), eg hormones of the ovary, testis, adrenal cortex , 
cholesterol (esters of cholesterol with fatty acids are called cholcslerides ) , 
(h) the fat-soluble vitamins (i e vitamins soluble in fats and in fat solvents) 
(p 1019) 

The fat of food consists mainly of neutral fat, together with small amounts 
of free fatty acid, lecithin, and cholesterol esters The nutritional importance 
of dietary fat is discussed on p 1035 

Digestion of Neutral Fat —Some hydrolysis of neutral fat takes place 
during cooking and the process may continue to a small extent m the stomach 
Stomach — In exceptional circumstances, significant fat digestion may 
occur in the stomach A fat-splittmg enryme ( gastric lipase ) is present in 
the pure gastric juice from a Pavloi pouch , m addition, pancreatic lipase 
may regurgitate into the stomach from the duodenum The activity of 
lipase in the stomach is obviously restricted, because the enzyme is sensitive 
to free acid and is destroyed by exposure to 0 02% HC1 for 15 minutes 
Fat hydrolysis (hpolysis) may take place m the stomach m cases of achylia 
gastnea and in young suckling animals which ingest large quantities of milk 
the fat of milk is present m an emulsified and theiefore readily digested 
form, and it also inhibits the secretion ol gastric acid 

Small Ixtestine — The main digestion of fat undoubtedly occurs m 
the small intestine, the active enzyme being predominantly pancreatic lipase 
(which is assisted in many ways by the bile) , succus cntcricus also has some 
lipolytic action 

It used to be thought that tnglyccudes had to be completely hydrolysed 
m the intestine to glycerol and three molecules of fatty acid before absorption 
This is not now' believed to be the case 

Lipase hydrolyses triglyceride in stages, splitting off successively each of 
the three attached fatty acid molecules (i) removal of one fatty acid leaves a 
diglycende (containing tw o fatty acids) , (n) removal of the second fatty acid 
leaves a monoglycende (containing one fatty acid) , (m) removal of the third 
fatty acid leaves glycerol Under normal conditions in the intestine, fat 
digestion is incomplete , the end-products are undigested triglyceride, 
partially split products (di-glycende and mono-glyceride), fatty acid (derived 
from completely and partially spht fat), and glycerol Lipolysis is initially 
rapid, but soon slows down and finally stops before 30% of the fatty acids of 
the ingested triglyceride has been liberated 

Lipase is activated non-specifically by the bile salts (p 797) , it is rapidly 
destroyed m vitro by trypsin but is presumably protected from attack m the 
intestine As the optimum pH for lipolysis is on the alkaline side of neutiahty 
the activity of lipase is sbghtly hampered by the noimal slight acidity of 
the intestinal contents (y?H 5 5-6 5) Because of this acid intestinal jiH, 
none of the fatty acid liberated by digestion is conveited into soap 
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At body temperature food fat is in the liquid form as an oil The speed 
of hpolysis depends on the size of the surface area of the oil that is exposed 
to the enzyme Lipolysis is thus greatly accelerated by emulsification , m 
an emulsion the fat is divided into small particles which are dispersed through 
the watery phase The most satisfactory emulsion is one which is stable 
and m which the fat droplets are very minute In the intestine, neutral fat 
is emulsified by the products of its initial digestion, i e by a mixture of the 
lower glycerides (di-glycendes and mono-glycerides) and “ complexes ” formed 
between the fatty acids and the bile acids (vide infra ) These emulsions are 
very fine (the fat droplets are less than 0 5 y in diameter), and are stable 
at the pH and under the other conditions of the small intestine 

Fatty acids are insoluble m water and mdiffusible through ammal mem- 
branes They combme, however, with the bile acids to form a loose chemical 
compound called a fatty acid-bile acid complex which is stable m the 
intestinal environment, water-soluble and diffusible, and can pass through 
the intestinal epithelium (The bile acids are thus called hydrotropic sub- 
stances , by uniting with an insoluble substance they make it water-soluble , 
probably cholesterol and the fat-soluble vitamins ( -A , -D, -E) are also acted 
upon by bile acids in this way ) 

Absorption of Fat 1 — The end-products of fat digestion are thus 
(l) Mainly (70%) unhydrolyzed, water-insoluble, neutral fat which under 
normal conditions in the intestine has been reduced to a finely emulsified state 
(n) Water-soluble and diffusible fatty acid-bile acid complexes 
(in) Mono-glycerides and di-glycendes, some soluble and some emulsified 
(iv) ..Glycerol, which is water-soluble and diffusible 

According to Frazer, the water-soluble products, i e the fatty acid-bile 
acid complexes and the glycerol are absorbed directly into the portal blood 
On the other hand the emulsified but water-insoluble neutral fat is absorbed 
via the hmng epithehal cells of the intestine into the lacteals and thence 
into the thoracic duct and into the venous blood This theory is called the 
“ partition hypothesis ” because it supposes that there are two distinct 
routes foi fat absorption Some of the experimental evidence may be cited 

(l) Fat particles, so-called chylomicrons, can be detected in the systemic 
blood under dark-ground illumination as points of light and counted , during 
starvation they are scanty, but after a fat meal they increase m number If 
rats are given well-emulsified ohve oil (a neutral fat) the lacteals appear 
milky, and the chylomicron count in the systemic blood rises but that m the 
portal blood remains low It is concluded that the absorption of neutral 
fat occurs via the lacteals into the systemic circulation 

(u) On the other hand, if a mixture of fatty acids and glycerol is admin- 
istered the lacteals remain relatively free from fat but the chylomicron count 
in the portal blood rises sharply , the fatty acid, on reaching the hver, is 
retained there and the systemic chylomicron count remains low 

(m) Only about two-thirds of the absorbed fat can be recovered by 
cannulatmg the lymphatics it is argued that the missing third is absorbed 
by some other route, possibly directly into the blood stream 

(iv) If cetyl sulphate is added to neutral fat introduced into the intestine 
it has two mam effects it produces a very fine emulsion and it inhibits the 
action of lipase Though m these circumstances the neutral fat cannot be 
Frazer, Brit med J , 1047, n, 041 Rapcr, ibid , 1949, u, 719 
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hydrolyzed to fatty acid, fat is absorbed quite rapidly , the lacteals soon 
become milky, and fat quickly appears m the systemic blood, whence it is 
deposited in the fat depots but not in the liver 

The most important prerequisite for the direct absorption of neutral fat 
is its thorough emulsification into particles which are less than 0 5 p m 
diameter , it is normally only m the presence of mono-glyceride, fatty acid, 
and bile salt that this fine emulsion can be maintained 

In some unknown way these emulsified neutral fat particles can penetrate 
into the intestinal cells During their passage through the intestinal wall they 
may be temporarily transformed into pliospholipide ( phosphatide ) before 
being reconverted into neutral fat to pass out of the cell into the lacteals 
Phosphatide formation involves the temporary uptake of inorganic phosphate 
and may be catalysed by the enzyme phosphatase which is present in high 
concentration in the intestinal mucosa Some of the evidence supporting 
the phosphatide hypothesis may be quoted 

( 1 ) The addition of phosphate or of glycerophosphate to the intestinal 
contents increases the rate of absorption of fatty acids from a mixture of 
fatty acids, bile acids, and glycerol 

(u) Iodoacetic acid and phlondzin, which inhibit phosphatase, depress 
fatty acid absorption 

(in) The use of staining methods (of doubtful validity) purports to show 
that when these poisons are used fatty acid absorption is blocked because 
phosphorylation docs not occur 

(i\ ) Experiments with radio-active phosphorus (as phosphate) show 
a high turnen er of phosphate during fat absorption 

It is possible that fat absorption is influenced by the local concentration of 
electrolytes, by hormones and perhaps by vitamins The adrenal cortex, by 
regulating the electrolytic balance in the body fluids, may be a subsidiary 
regulating factor (p 9 55) 

It has been shown that very finely emulsified liquid paraffin in which the 
particle size is less than 0 op cau be absorbed to the extent of 40% by the 
rat intestine Fortunately medicinal liquid paraffin, when used in cooking 
or as a laxative, is not sufficiently finely dispersed to be absorbed to a signifi- 
cant degree in man 

To summarize efficient fat absorption requires both lipase and bile salts 
(l) Lipase produces sufficient lipolysis to form mono-glycendes and di- 
glycendes which together with the bile acid-fatty acid complex, emulsify 
the undigested tn-glycende and so enable it to be absorbed 

(li) The bile salts form a water-soluble complex with fatty acids thus 
enabling them to be absorbed , and the complex also helps (by promoting 
emulsification) the absorption of undigested fat as stated m (i) supra 

The fundamental importance of bile salts m fat absorption must be 
emphasized ' If bile is excluded from the intestine, fat digestion proceeds 
fairly normally, but large amounts of fat are lost in the faeces (p 798) 1 

1 In tho rablnl the pancicatic duct enters the small intestine some 30 cm below the 
bile duct , fat absorption only occurs beyond the point of entrj of the pancreatic duct, 
te where preliminary lipolysis (liberating fatty acid and low er glycerides) has taken 
place Conversely the bile duct lias been ligated and the gall bladder anastomo7ed with 
the distal part of the small intestine , some fat digestion occurs prowmally (owing to 
the activity of tho lipase of the pancreatic juice), but no absorption occurs until contact 
with the bile has been established 
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Movements op the Yilli — Several hours after a meal, the villi show 
a variety of movements, the most important being a shortening (owing 
to contraction of the contained smooth muscle fibres) which leads to com- 
pression of the central lacteal and evacuation of its fatty contents into 
the deeper lymphatics The villi are stimulated mechanically, by certain 
constituents of the food and by an alleged blood-borne hormone labelled 
vilhhmn 

The lymph laden with fat is further propelled by intestinal movements 
which compress the valved deeper lymphatics , by the raised mtra-abdommal 
pressure during inspiration , and lastly, by the negative pressure m the 
thorax It passes up the thoracic duct into the great veins at the root of 
the neck and thus into the systemic circulation 

Blood Fat — The blood contains fat m the following forms (the figures 
m parentheses give the normal plasma levels m mg per 100 c c ) 

( 1 ) mainly as neutral fat and fatty acids (200-450) , 

(n) as lecithin and other chohne-contaimng phosphohpides (150-250) , 

(in) as free cholesterol and cholesterol esters (cholestendes) (total 150-250 
of which 70% is the ester form) 

An increase m blood-fat is called a Ivpcemia The increase m the blood 
concentration of neutral fat which follows a meal is irregular and unpredict- 
able The blood-fat is also increased m the following conditions (i) starva- 
tion (p 900) , (n) diabetes mellitus (p 924) , (m) pregnancy , (iv) certain 
types of renal disease (nephrosis (p 114)) , (v) myxoedema (p 984) 

Fate of Fat after Absorption — After absorption, fat is treated m 
various ways 

(1) It undergoes complete ^oxidation m the tissues to yield energy, C0 2 , 
and H a O (p 872) When 1 g of mixed fat is completely oxidized to C0 2 and 
H 2 0, 9 4 Cal of heat are produced , during the metabolic dissimilation of 
fat, a large proportion of this amount of energy is made available to the body 
as high-energy phosphate bonds “ Acetic acid units ” derived from the 
breakdown of fat can be used in acetylation reactions and for the synthesis of 
acetoacetic acid and certam body components (p 873) 

(2) It is stored (as neutral fat) m the fat depots In contrast to the small 
carbohydrate reserves (0 5 kg ), fat may be stored in the body m very large 
amounts On an average, fat forms over 10% of the body weight ( i e about 
7 kg m an adult, equivalent to an energy reserve of 1000 Cal per kg of 
body weight, or more than a month’s total food energy) , m people who are 
over-weight the fat reserves are much bigger 

It must be emphasized that neutral fat is not deposited mterstitially m the 
matrix between cells or fibres , it is taken up by the cells of adipose tissue , m 
which the cytoplasm gradually diminishes m amount as the fat accumulates, 
until the cell becomes a thm, cytoplasmic nucleated envelope enclosing a large 
fat droplet Adipose tissue should be regarded as a highly specific tissue, 
taking up fat differentially when fat is present m excess of the body’s immediate 
metabolic needs, and releasing it when required Adipose tissue takes up fat 
in the same selective manner as, for example, the thyroid takes up iodine 
Nothing is known about the way m which the finely emulsified fat particles 
m the blood enter the adipose tissue cells or, what is even more difficult to 
understand, how the seemingly unemulsified fat m the adipose tissue cells is 
discharged into the circulation There is evidence that the activity of adipose 
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tissue is under hormonal control but the details of the regulation are still 
extremely obscure 1 

(3) Fat js _built_iato the structure of all tissues The structural hpide 
consists of tbe following groups of lipides (see p 861 for tbeir chemical 
composition) 

(i) Lecithins (and the related cephalins) 

(n) Cholesterides (cholesterol esters of fatty acids) 

The constituent fatty acids in these two groups are mainly unsaturated 
(unlike the fatty acids in depot fat, many of which are fully saturated) 
Lecithin and cholesterides are essential constituents of all cell membranes , 
lecithin is a component of the medullary sheath of nerve fibres 

(ni) Certain specialized lipides like the sphingomyelins and cerebrosides of 
the central nervous system 

(iv) The specialized steroid hormones of the ovary, testis, and adrenal 
cortex (pp 1074 ff, 959) 

Structural lipides are as integral a part of the cell architecture as are 
proteins , they constitute the element constant of the total body hpide (m 
contrast to the element variable or neutral fat of the fat depots) In starvation, 
the neutral fat in the depots is called upon and used for producing energy, 
but structural lipides ( clement constant) are unaffected in amount 

Sources of Depot Fat — The neutral fat m adipose tissue is derived from 
two mam sources 


(l) From food-fat 

(n) From carbohydrate The classical proof (Gilbert and Lawes) is as 
follows young pigs fed on barley, deposit large amounts of fat, more than 
could be derived from the fat and protein of the food even if it were assumed 
that all the carbon of the ingested protein v ent to form fat , clearly the fat 
which had been deposited must have been partly derived from carbohydrate 2 
The details of the carbohydrate— >-fat transformation are considered on p 874 
It has been claimed on the basis of animal experiments that the reverse 
reaction can occur, t e that fat can be transformed into carbohydrate (blood 
glucose) on a large scale , these experiments are, however, open to other 
interpretations, and it is now generally considered that fatty acids cannot 
be a major source of blood glucose (p 874) 

Relation of Liver to Fat Metabolism — (1) When fats are to be used 


in the body they are withdrawn (by unknown means) from the fat reserves, 
i e the adipose tissue cells, and pass to the liver , the fat content of the liver 
may be httle altered, as the fat is broken down as fast as it arrives 

(2) The neutral fat content of theliver lsincreasedinthefollowing conditions 
( 1 ) On a high fat diet which is also deficient m the so-called lipotropic 
{actors ( i e choline and methionine , see p 867) 


(a) In starvation 

(in) After pancreatectomy, m animals kept alive by adequate doses of 


insulin 3 

The fat-laden liver arising from these conditions is called a fatty liver 
1 Adipose tissue deserves more respect for its physiological activities than it customarily 
receives especially as its storage function is so frowned upon by fashion 

s Similarly, potatoes are rightly condemned as “ fattening ” by those anxious about 
their figures, though the fat content of potatoes is almost ml (carbohydrate 19%, protein 
2%, water 78%, and fat 0 1%) 

3 Fatty liver also occurs after injection of certain anterior pituitary extracts. 
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(3) Tlie neutral fat m the liver is broken down by hydrolysis into glycerol 
and fatty acids (enzyme liver lipase ) 

( 1 ) The glycerol is utihzed via the 
U» 848) 

(n) The fatty acids are oxidized to fragments contaimng 2 C each , these 
fragments are either (a) completely oxidized to C0 2 and H 2 0 with energy 
hberation, or ( b ) recombined to give acetoacetic acid (a 4C compound, CH 3 
CO CH 2 COOH) , this latter process is termed hetogenesis, since acetoacetic 
acid is a ketone 

It appears that the liver cannot further metabolize acetoacetic acid , any 
acetoacetic acid that the liver manufactures from fatty acids must be distributed 
to the tissues, where it is completely oxidized to yield C0 2 , H 2 0, and energy 

These reactions are more fully discussed on pp 869-874 

(4) In circumstances of carbohydrate deficiency, the metabolism of liver 
fat can play a part m the maintenance of the blood glucose level The hver can 
(l) increase the metabohsm of fat (including the production of acetoacetic acid 
for energy utilization m tissues) and thus “spare” the available carbohydrate, 
and (u) possibly convert some small part of the fat into glucose (or glycogen) 

A detailed discussion is given on pp 874, 858 

Fatty Liver Lipotropins — In the condition of fatty liver, a grossly 
enlarged hver containing massive depositions of neutral fat is found The 
causes of fatty hver were enumerated m (2) above , each of the three con- 
ditions there mentioned will now be considered in detail 

(1) High Fat Diet — In animals given a high neutral fat diet, fatty 
hver develops Under such circumstances, fat becomes the principal source 
of energy for the body and it is appropriate that large amounts of fat should 
be brought to the hver for complete or partial dissimilation , but one would 
expect that a suitable balance would be struck between the uptake of fat by 
the hver and its complete oxidation or its redistribution to the tissues as 
acetoacetic acid It is surprising to find, therefore, that the uptake of fat 
by the hver should exceed, so markedly, its rate of despatch The fat content 
of the fatty hver is, however, considerably decreased by administering 
(l) methionine (or large amounts of proteins rich m methionine) , or (u) choline, 
or the related substance betaine , or (m) lecithin (which contains choline) 

Role of Lipotropins — A substance which reduces the amount of hver fat 
is called a lipotropm ( lipotropic factor) It is thought that the lipotropins 
other than cholme itself are effective because they contain choline or because 
they promote chohne synthesis Considering the substances already mentioned 
we find 

(l) Methionine is a methyl donor (p 882) , it supplies labile methyl (CH 3 -) 
groups to ethanolannne (cholamme, /9 ammo-ethanol) to form chohne The 
ethanolamine is synthesized m the body from glycine (probably via serme) 

+3 CH 3 - + 

H 2 N CH 2 COOH * H 2 N CH 2 CH 2 OH > (CH 3 ) 3 NCH 2 CH 2 OH 

glycme ethanolamine from OH' 

methionine chohne (base) 

or betaine 

GHs— S CH 2 CH 2 CH(NH 2 )COOH (CH 3 ) 3 N CH 2 COO' 

methionine betaine 


pathways of carbohydrate metabohsm 
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(n) Betaine (a methylated glycme derivative) is also a methyl donor, 
and its methyl groups can be used to synthesize cholme from ethanolamine 
It is unlikely that betaine can be transformed directly into choline, though 
choline is known to be oxidized to betaine 

(in) Lecithin contains choline as part of the molecule (p 861) and liberates 
choline on hydrolysis 

The mode of action of choline as a hpotropin is unknown It may promote 
the conversion of liver fat into cholme-contaming phospholipids (e g 
lecithins) which are more readily transferred from the liver mto the 
blood The important point, however, is that chohnc prevents and cures 
fatly liver 

Choline deficiency also gives rise to haemorrhagic necrosis of the hdneys , 
this disorder may likewise be due to insufficient lecithin formation in the 
renal cells 

Transport and Role of Choline — Choline is not transported in the blood 
in the free state but always in the combined form, i e as part of phosphohpide 
molecules (lecithin, sphingomyelin) The normal level of blood chohne m 
man (present as phosphohpide) is 30-30 mg-% , in states of choline deficiency 
giving rise to fatty liver, the blood chohne is much less 

Chohnc is an indispensable constituent of the body , if the necessary 
groupings are not available for its synthesis, then sufficient chohne must be 
provided, as such, m the food It is not strictly speaking a vitamin (though 
occasionally put in this category) because it can be synthesized in adequate 
amount by the body As explained on p 8S3, chohne promotes creatine 
synthesis because of its action as a methyl donor via methionine 

(2) Starvation — In starvation, the stress of metabohsm also falls on 
fat, i e the fat in the depots As hpotropins are not available in adequate 
amounts, fat accumulates in the hver 

(3) Atter Pancreatectomy 1 — If a pancreatectomized animal is kept 
alive with insulin, fatty liver develops even on a fat-free diet (e g a diet 
of lean meat and sugar) In pancreatectomized dogs, the liver weight may 
increase fourfold and the total hpide content increase thirtyfold over the 
normal values The condition is cured by administering large amounts of 
chohne or of methionine The question arises why the high meat intake 
(which is rich in combined methionine, i c present m the protein molecules) 
does not prevent the development of fatty hver It seems that, owing to the 
absence of pancreatic juice, a factor (probably a proteolytic enzyme) is lacking 
which is necessary for the splitting off of the methionine from the food protein 
molecules in the gut , consequently, protein digestion and methionine 
liberation are impaired The fatty hver can be cured (i) by administering 
raw pancreas or fresh pancreatic juice, both of which contain the missing 
factor, or (n) by administering protein hydrolysates which contain free 
methionine [In pancreatic disease with deficiency of the external secretions 
it is therefore advisable to give hpotropins (chohne, methionine) to prevent 
the development of fatty hver (p 795) ] The subcutaneous injection of a 
pancreatic extract called lipocaic is said to cure the fatty liver which develops 
after pancreatectomy , lipocaic must thus act outside the bowel but its 
mode of action is unknown The liability of the chronic diabetic patient to 
develop fatty hver should be noted (p 924) 

1 Chaikoff and Entenman, Advances in Enzymology, 1948, 8, 171 
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and leaves tlie liver shows that the liver forms Letone bodies and delivers them 
into the hepatic vein for circulation to , and dissimilation by , the tissues All 
the tissues, with the exception of the brain and the liver itself, can dissimilate 
acetoacetic acid to C0 2 , ILO and usable energy (p 872) 

(2) Blood Ketone Llvei, Ketosis —The normal non-fasting blood 
ketone level is small (0 5-2 mg-%) , even a short-term fast (of two or three 
days) increases this level as much as fiftyfold The amount of circulating 
ketone depends upon the balance between (i) Letone formation by the liver 
and (n) letone dissimilation by the tissues Little is known about the factors 
that determine ketone dissimilation , it is not apparently influenced by the 
hormones There is, howc\cr, a maximum amount of fat which the tissues 
can use (mostly as acetoacetic acid), namely about 2 3 g of fat per kg per 
day, equivalent to 175 g of fat daily in a 70 kg man The rate of keto- 
genesis in the liver varies greatly according to circumstances (p 875) If 


fatty acids 


epont loss of CO. 
(c g in bladder, 
lungs) 


/ 


CH 3 CO CII 3 

ncetono 


In or 
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Iner 


ch 3 co cii 2 cooh 
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— 2H 


CH 3 CHO 


+2H 
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except 

liver 


I CH 2 COOH 

P In drem -butyric acid 


C0 2 -f-Ho0 
-f energy 


C0 2 -|-H 2 0 
+ energy 


Fio 5G0 — Inter-rclationslnps of the “ Kclono Bodies” [cf with Fig 5G2] 


ketogenesis proceeds at an unduly high rate, exceeding the rate at winch 
dissimilation can be earned on by the tissues, then ketones accumulate in the 
blood This condition is called Ketosis, and may lead to the excretion of 
ketone bodies in the urine In extreme ketosis, the urinary ketone output 
may reach 100-120 g per day 

The responses of the body to the accumulation of ketones m the blood are 
discussed on pp 924, 102 

(3) Mechanism or Ketone Body Fokmation Fatty Acid Oxidation 
— The neutral fat in the liver is hydrolyzed as required, releasing glycerol 
and long-cham fatty acids, the majority containing 16 or 18 C atoms {eg 
palmitic, stearic, and oleic acids) 

The next stage is the breakdown, mainly in the liver, of these long carbon 
chains into “ fragments ” containing two carbon atoms each , this is con- 
sidered to occur in two successive steps (Fig 561) 

(l) Firstly, an oxidation converts every alternate -CH 2 - group of the 
chain into -CO-, starting from the -CH 2 - in the P position relative to the 
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acid -COOH group , such, oxidation is called alternate jS oxidation In 

¥■ 

Fig 561, the (3 position is marked C, and oxidation occurs there and at each 

aLteruate position, marked C along the chain 

(a) The oxidation is followed by a cleavage of the bonds between the 
remaining -CH,~ groups and the -CO- groups formed m step (l), giving 
“ 20 fragments ” The positions of cleavage are indicated m Fig 561 by the 
thm vertical hnes The addition of H 2 0 or H 3 P0 4 is involved m this cleavage 


CH, CH, CH S CH. CH, CH, CH. CH 2 CH , CH, CH 2 CH, CH 2 CH, CH 2 COOH 
palmitic acid 


5 ) 


alternate p oxidation 


CH, CO 


•CH, CO- 


CH, CO- 


■CH, CO+CH,CO 


■CH 2 CO- 


CHoCO- 


CH 2 COOH 


(n) 


cleavage 

v 


20 + 2C + 2C + 2C + 20 + 2C + 2C + 20 

unit unit unit unit unit unit unit unit 


Fig 561 — Breakdown of Palmitic Acid to “ Acetic Acid Units ” 


The 16C chain of palmitic acid yields 8 “ fragments,” each contaimng 
2 C atoms and derived from -CH 2 -CO- These fragments are thus related 
to '(and largely behave as) acetic acid, CH 3 -CO-OH, but are probably not 
identical with it , the fragments will be referred to here as “ 2C fragments ” 
or as “ acetic acid units " (m inverted commas) 1 

Isotope experiments usmg acids contaimng “ labelled ” C atoms m known 
positions have given the following additional information 

(l) The “ 2C fragments ” formed in the liver can be completely dissimulated 
m the hver to C0 2 , H 2 0, and energy, via the citric acid cycle (p 872) 

(n) Instead of beir 1 1 - 1 ldized, the “ 2C fragments ” can react 

together m random molecules of the 4C ketone body, 

acetoacetic acid 


2 “ 2C fragments ” 
(acetic acid units) 


CH, CO — CH. COOH 


2C 

fragment 


2C 

fragment 


Thus a molecule of palmitic acid (16 C) is spht m the hver into 8 highly 
reactive “ 2C fragments ” , these immediately give rise to 16 molecules of 
C0 2 , or 4 molecules of acetoacetic acid (4x4C), or a proportion of each The 
acetoacetic acid is distributed to the tissues, and is there oxidized to C0 2 
It is usually assumed that the first step m the oxidative dissimilation of 
acetoacetic acid by the tissues, is its re-sphttmg to “ 2C fragments ” (p 872) 


1 As might be expected, the terminal “ 2G fragments ” from each end of the fatty 
acid chain differ from each other and from the “ 2C fragments ” from the main part of 
the chain, the difference has no major metabolic significance 
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Tiie proportion of “ 2C fragments ” forming acetoacetic acid rather than 
being immediately oxidised to C0 2 is determined by the rate of the simul- 
taneous carbohydrate dissimilation in the liver If the rate of carbohydrate 
dissimilation is depressed (as in diabetes or starvation), then the proportion 
of acetoacetic acid formed rises, and ketosis may develop A possible explana- 
tion for this effect is given on p 875, but it must be admitted that we still 
know very little about the precise factors which regulate hepatic ketogenesis 
Utilization and Dissimilation of Fat —The key step m the metabolic 
utilization of fat is the oxidation and cleavage of the long-chain fatty acids 
to yield reactive “ 2C fragments ” (“ acetic acid units ”) as described above 
This occurs mainly m the liver (though there is evidence for some normal 
oxidation of long-chain fatty acids m other organs, eg a hverless dog can 
oxidize up to 40% of administered fatty acid) 

“ Acetic acid units ” are highly reactive, and immediately they are 
formed they undergo other changes, as follows 

(1) Self-Condensation to Give Acetoacetic Acid — The random self- 
condensation of two “ acetic acid units ” forms the 4C compound, acetoacetic 
acid (p 871) This is earned in the circulation to other tissues which can 
dissimilate it (see 2 (i) below) 

(2) Dissimilation to C0 2 and H 2 0 — “ Acetic acid units ” and aceto- 
acetic acid are probably completely dissimilated by entering the citnc acid 
(Krebs) cycle, i e the set of enzyme systems which constitute the “ common 
metabolic pathway ” for most of the foodstuffs (pp 850, 853) 1 

(i) An “ acetic acid unit ” (“ 2C fragment ” from fatty acid) is metabolized 
in exactly the same way as the acetic acid which is formed by the oxidative 
decarboxylation of pyruvic acid (from carbohydrate (p 850)) It combines 
with oxaloacetic acid (4C) to give the GC tricarboxylic acid, citric acid , 
this then “ goes round the cycle,” losing two carbon atoms m the form of 
two molecules of C0 2 by two successive decarboxylations As a result, 
energy is liberated which is made available to the body through the 
high-energy phosphate bonds of ATP (p 852) , oxaloacetic acid is regenerated, 
and is ready for reaction with a further “ acetic acid unit ” (Figs 562, 558) 

(u) It appears that the mam step in the dissimilation of acetoacetic acid 
in the tissues is its re-splitting into two “ 2C fragments ” , these are then 
oxidized by the enzymes of the Krebs citric acid cycle present m the tissue 
concerned Liver and brain seem unable to spht acetoacetic acid, and thus 
cannot utilize it to any extent 

Acetoacetic acid may also be able to enter the citric acid cycle directly (say 
at a 4C stage) but this must constitute a minor pathway 

It can be seen from Fig 562 that for the complete dissimilation of fats 
via “ 20 fragments,” oxaloacetic acid must be available from some source 
(e g from pyruvic acid (p 850) or from aspartic acid (p 889)) , otherwise 
the “ 2C fragments ” will form correspondingly larger quantities of acetoacetic 
acid, and ketosis will develop (p 875) 

1 “ Acetic acid units ” (2C) and acotoacotio aoid (4C) are the “ ready money ” of fat 
metabolism The long C chain of the fatty acids is appropriate for storage purposes only, 
and represents capital locked away in soeunties This wealth is not negotiable directly, 
but must bo converted into tho ready money of 2C and 4C fragments (2C fragments for 
buying a paper or paying a bus faro , 4C “ notes ” for putting the wealth into circulation) 
Just as ready money in sufficient quantity can be converted into securities, so can 20 
fragments from any source be built up into the long C chain of the fatty acids (p 873) 
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(3) Acetylation Reactions —The active “acetic acid unit” can be 
employed by the body in acetylatmg reactions, e g the synthesis of acetyl- 
choline (p 508) or the acetylation of amines during their “ detoxication ” by 
the hver (p 828) 

CH 3 CO-O CH 2 CH 2 N(CH 3 ) 3 OH' CH 3 CO— NH C G H 4 S0 2 NH 2 

acetylcholine acetylsulphanilamide 

(4) Use as Building Unit for Body Components — Evidence from 
isotope experiments shows that labelled C atoms from acetic acid (or com- 
pounds giving rise to “ acetic acid umts ”) can be built into the molecules 
of (i) cholesterol (most of its 27 C atoms come directly from “ acetic acid 
units ”) , (u) hcem porphyrins, and (m) the intermediates of the citric acid 
cycle and their derivatives 


CARBOHYDRATE 



Fig 562 — The Formation and Dissimilation of Fat (Diagram by J B Jepson ) 
[Note the irreversibility of the pyruvic acid->acetic acid step ] 

(5) Resynthesis of Fatty Acid — “ Acetic acid umts ” (from any 
source) can be built up into long-chain fatty acids, and thence into fat This 

presumably occurs by the successive condensation of “ 2C fragments ” 
followed by, or simultaneous with, a reduction process {% e the reversal of 

the breakdown of fatty acids), and requires an external supply of energy 

In support of this view we have 

(l) all fats are built from fatty acids with an even number of C atoms , 

(u) isotope experiments show that when acetic acid CD 3 5 * * * * * * * 13 COOH, 

labelled with 13 C and deuterium (D, heavy hydrogen), is fed to animals, 

the hver fats have an isotope distribution in the fatty acid chains thus 

-CD 2 13 CH 2 -CD 2 i 3 CH 2 -CD 2 i 3 COOH 
28* 
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Coenzyme-A — The presence of a coenzyme is required for reactions in- 
volving “acetic acid units” , tins coenzjme is termed cocnzyme-A (A for 
Acetylation) and contains pantothenic acid — yet another example of a B-” roup 
vitamin with a specific role in an cn/yme system (p 1024 IT ) * 

Integration of Fat and Carbohydrate Metabolism — Conversion 
of Carbohydrate to Fat — The well-known conversion of dietary carbo- 
hydrate into depot fat lias been mentioned on p 866 It is obvious from 
Fig 562 that the patliw ays of carboh j drate and fat metabolism meet at the 
common intermediate, acetic acid (or “ 2 C fragment ”) Since fatty acid is 
reversibly formed from “ 2 C fragments ” the w ay is open for the transformation 
of carbohydrate via pyruvic acid and acetic acid into fatly acids This trans- 
formation is promoted by insulin and depressed by anterior pituitary 
hormones (pp 913, 920) 

Glycerol from the hydrolysis of fats is comerted into a tnose (probably 
phosphoglyceraldehydc) and 30 ms the mam pathway of carbohydrate 
metabolism (p 848) This reaction is re\ersible, allowing carbohydrate to 
be used for the synthesis of glycerol w hen this is needed for the deposition of 
fatty acids as body fat 

carbohydrate ^ triose ^ glycerol 

11 

pyruvic 
acid 

I 

acetic fatty 

acid acids 

Conversion or Fat to Carbohydrate — As stated above, the glycerol of 
fats can 30 m the reversible pathway of carbohydrate metabolism and thus be 
built into glucose or glycogen This would allow the formation of only 12 g 
of blood glucose from 100 g of fat, whereas it has been thought that much 
greater conversion than this could occur in the fasting animal There is no 
doubt (from isotope experiments) that C atoms from acetic acid (and other 
molecules giving rise to “ acetic acid units,” c g fatty acids) can be built 
into the molecule of glucose by the liver A consideration of Figs 562, 559, 
however, shows that no net increase of glucose could arise in this way There 
is no known patlnvay in animals by wdnek the fatty acid->glucose conversion 
could be accomplished Any net increase in the glucose of the body fluids 
that does come directly from fatty acid must be derived from the synthesis 
of, say, succinic acid (4C) which would directly enter into the Krebs cycle 
and could thus be converted into oxaloacetic acid and thence into pyruvic 
acid and glucose , this must be a minor pathway Under conditions of 
carbohydrate deficiency, the chief function of the liver is to provide aceloacetic 
acid for utilisation by the tissues, thus “ sparing ” the utilisation of the more 
valuable blood glucose 

Dependence of Fat Metabolism on Carbohydrate — The complete 
dissimilation of fat via “ acetic acid units ” requires available supplies of 
oxaloacetic acid to “ catalyse ” the Krebs cycle (Fig 562) This must be 
supphed from a source other than fat ( since the pyrumc acid—>acehc acid 
reaction is irreversible) , the chief source of oxaloacetic acid is carbohydrate, 
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via pyruvic acid and the carboxylase reaction (p 850) The complete 
dissimilation of fats m the liver thus requires the simultaneous oxidation of 
carbohydrate 1 Any change which reduces the rate of carbohydrate oxidation 
m the liver will reduce the rate of complete oxidation of “ acetic acid units ” 
locally, without reducing their rate of formation , indeed, their rate of 
formation may increase if fat is the only available energy source However, as 
these highly reactive “ 2C fragments ” cannot accumulate, they undergo self- 
condensation to form acetoacetic acid The lower the rate of carbohydrate 
utilization m the hver relative to the fat utilization, the greater is the produc- 
tion of acetoacetic acid, and the amount which circulates m the blood corres- 
pondingly increases If the tissues cannot dissimilate the increased supphes 
of acetoacetic acid which reach them, then ketosis results Starvation, diabetes, 
and the other circumstances that lead to ketosis all mvolve a decrease m the 
normal ratio of carbohydrate to fat utilization m the hver 

Causes of Ketosis — Ketosis occurs clinically and experimentally m the 
following conditions 

(1) With a low glycogen and a high fat content m the liver, eg on a high 
fat, low carbohydrate diet, or m starvation (when the hver glycogen reserves 
are exhausted and depot fat is being utilized) It is thought m a vague way 
that under these conditions fat becomes the “ principal substrate of the hver 
cell ” leading to excessive ketone body formation (p 870) It should be 
noted that a small proportion of the ketones may be derived from ketogemc 
amino-acids (p 888) The formation of glucose from glucogens may be 
simultaneously depressed As the tissues cannot cope with all the ketones 
supphed to them, the blood ketone level rises 1 2 

(2) From the injection of certain anterior pituitary extracts m normal 
animals (p 937) These extracts “ mobihze ” depot fat, which passes into 
the blood stream to reach the hver , hver fat is thus increased Glucose 
dissimilation is simultaneously depressed, and hver glycogen is decreased 
owing to its conversion into blood glucose For this reason, or because of some 
additional specific action on the hver, these anterior pituitary extracts increase 
ketone formation m the liver, with resulting ketosis 

(3) Ketosis of Diabetes Mellitus Action of Insulin — After removal of the 
islet tissue of the pancreas, the unantagonized action of the anterior pituitary 
leads to ketosis as described m (2) above Injected insulin (p 913) acts m 
the opposite ma nn er it promotes deposition of depot fat and decreases the 
flow of fat to the hver , it increases glucose dissimilation and glycogen 
deposition m the hver , it possibly annuls the specific ketone-producmg 
action of the anterior pituitary Thus by its action on the fat depots and on 
the hver, insulin abohshes the ketosis of diabetes melhtus , it has no effect 
on ketone utilization by the tissues 3 * 5 

1 This idea used to be expressed crudely but vividly m the phrase “ The fats burn in 
the flame of the carbohydrates ” 

2 People differ greatly in their susceptibility to ketosis Thus Eskimos can tolerate 

high fat diets that would cause gross ketosis in the average European The body can 

apparently be “ trained " gradually m the utibzation of very high fat dietB 

5 It is found empirically m clinical cases of diabetes melhtus that ketosis is avoided 
when the fat content (F) of the diet does not exceed the sum of tv ice the carbohydrate (C) 
and half the protem (P) contents Briefly, E should be less than 2C+£P, all measured 
in grammes 
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PROTEIN METABOLISM 

Proteins 1 — The proteins have complex molecular structures built mainly 
from a-amino-acids linked together in chains The linkage between the 
amino-acids is called a peptide bond , molecules built up from many amino- 
acids are called polypeptide* , proteins are types of polypeptide, but their 
structures are so Iaige and complex: that relatnely little of their molecular 
architecture has yet been elucidated Hydrolysis (digestive or otherwise) 
converts a protein through stages of intermediate complexity (conventionally 
called mctaprolcins, proteoses, and peptones) to a mixture of ammo-acids 
About twenty different amino-acids ha\e been found m the \anous proteins 
studied , most proteins contain a selection of 15-18 of these, though some 
proteins are built from only a few different amino-acids 

The amino-acids ha\e the general formula R CH(NH 2 ) COOH, where 
R is any one of a variety of organic groupings as shown below The peptide 
bonds of a polypeptide chain are —CO— Nil — (amide) linkages of the follow- 
ing type 

R' R' 

__ _ CO NH All CO Nil ill CO NH — — 

t f t 

peptide 

bonds 


The physiological properties of the free amino-acids depend upon the 
nature of their constituent R groups , the properties of the proteins are 
governed by the nature and mutual arrangement of the constituent ammo- 
acids 

Ammo-Acids — The names and formula? of the principal ammo-acids 
obtained by the hydrolysis of proteins are set out below 

Amino-acids with nnsubslitutcd C chains 


1 Glycine (a-ammo-acetic acid) 

NIL CIL, COOH (R=H, the 

2 Alanine (a-ammo-propionic acid) 

CII 3 CH(NH 2 )COOH 

3 Valine 

(CH 3 ) 2 CH CH(NH 2 )COOH 

4 Leucine 

(CH 3 ) 2 CHCH 2 CH(NH 2 )COOH 

5 Isoleucine 

(CH 3 )(C 2 H 5 )CH CH(NH 2 )COOH 
Hydroxyl-substituted ammo-acids 

6 Serine (a-ammo-/9-hydroxy-propioinc acid) 

HO CH 2 CH(NH 2 )COOH 

0 a 


simplest ammo-acid) 
(3C chain) 
(5C branched chain) 
(6C branched chain) 
(6C branched chain) 

(3C chain) 


3 Sahyun, Outline of the Ammo Acids and Proteins, 2nd edn , New York, 1948 
“ Amino Acids and Proteins,” Cold Spring Harbor Symp Quant Biol , 1949, XIV 
Haurowitz, Chemistry and Biology of Proteins, New York, 1950 
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7 Threonine 

CH 3 CH(OH) CH(NH 2 )COOH (4C chain) 

Sulphur-containing ammo-acids 

8 Cysteine (a-ammo-/?-thiol-propiomc acid) 

HS CH 2 CH(NH 2 )COOH (3C chain — note the reactive HS 

group) 

9 Cystine (dicysteine, the oxidation product of cysteine) 

S CH 2 CH(NH 2 )C00H 

J CH 2 CH(NH 2 )COOH 

10 Methionine (a-ammo-y-methylthio-butyric acid) 

CH 3 S CH 2 CH 2 CH(NH 2 )COOH (4C chain— note the CH 3 S 

y a group) 

Aromatic ammo-acids, derived from alanine (2 ) 

11 Phenylalanine (jS-phenyl-alanme) 

CH 2 CH(NH 2 )COOH 

12 Tyrosine (para-hydroxy-phenyl-alamne) 

HO— ^ y~GR 2 CH(NH 2 )COOH (a phenol) 

13 Thyroxine, an iodine-containing derivative of tyrosine, see p 975 

14 Tryptophan (/bmdolyl-alamne) 

/\ C— CH 2 CH(NH 2 )C00H 


\/\/CH 

NH 

The amino-acids (1 to 14) set out above are neutral substances, since 
they contain one NH 2 (basic) group and one CO OH (acidic) group which 
mutually neutrahse each other 
Acidic ammo-acids 

15 Aspartic acid (a-ammo-succime acid) Asparagine= 

CH 2 COOH the /9-amide 

(4C chain) 


CH(NH 2 )COOH 

16 Glutamic acid (a-ammo-glutanc acid) 
CH 2 CH 2 COOH 


Glutamme= 
the y-anude 
(5C chain) 


CH(NH 2 )COOH 

The two amino-acids (15 and 16) set out above contain an additional 
COOH (acidic) group m the R group (i e they are wioMoammo-dicarboxylic 
acids) and are acidic substances 
Basic ammo-acids 

17 Arginine (a-amino-<5-guanidino-valeric acid) 

NH 


|| 5 a 

NH 2 — C— NH CH 2 CH 2 CH 2 CH(NH 2 )COOH 
18 Lysine (a e-diammo-caproic acid) 

NH 2 CH 2 CH 2 CH 2 CH 2 CH(NH 2 )COOH 


(5C cham) 
(6C chain) 
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19 Histidine (/biminazolyl-nlnninc) 
CII=C CII 2 CH(NH 2 )COOH 


\/ 


CII 

The three amino-acids (17, 18, 19) 
R groups and are basic substances 

Ivuno-acid 
20 Prolinc 


set out ubo\e ha\e 


mtrogen-containmg 


Clio CIL 

Jh, ciicooii 

\ / 


NU 


(5C chain) 


Substance 20 is actually an vmno-acui, with an u-NII as part of a ring 
system It is neutral 

Other amino-acids of metabolic significance arc know n, but the} ha\ e not 
been found in protein molecules Examples are ornithine and citrulhne of 
the Krebs urea cycle (p S88, Fig 56S), and homocysteine formed from 
methionine (p 8S3, Fig 5G1) 

Nucleoproteins Nucleic Acids 1 — Nuclcoproteins are conjugated 
proteins, consisting of a basic protein combined with a nucleic acid The 
protein moiety can be removed by acid tieatment, freeing the nucleic acid 
Nucleic acids are polynucleotides whose exact structure has not yet been 
determined On hj drolj sis they yield mixed nucleotides with the following 
type of structure 

Nitrogen-containing Base — Pentose — Phosphate 

The pentose sugar is either nbosc or dcsoxyribosc The base is either a 
purine ( adenine or guanine) oi a pyrimidine ( cytosine , thymine or uracil) 
(formulae Figs 573, 574) Ilydiolysis of a nucleotide removes the phosphate 
leaving a nucleoside (i c Nitrogen-containing Base — Pentose) 

Nucleoproteins are important constituents of the nucleus and cytoplasm 
of all cells , chromosomes are constructed largclj from nucleoprotein 

Several of the vitamins of the B-group aie built up by the body into 
nucleotides, and m this form function as coenzymes for fundamental dis- 
similation reactions (p 1024 ff ) The nucleotides adenosine-diphosphate and 
-triphosphate (ADP, ATP) are of great metabolic importance as carriers of 
“ high-energy phosphate bonds ” (p 842, Fig 553) 

Digestion of Proteins — No digestion of protein occurs in the mouth 
Stomach — (l) The pepsm-HCl mixture acts on piotems, converting them 
through stages of decreasing complexity (metaprotem, primary and secondary 
proteoses) to peptones (large polypeptides) (n) Casemogen is converted by 

1 “ Nucleic Acids and Nucleoproteins,” Cold Spring Harbor Symp quant Biol , 1947, 
12 “ Nucleic Acid,” Symp Soc exp Biol, 1947, 1 Davidson, The Biochemistry oj 

the Nucleic Acids, London, 1950 
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renmn into soluble casein In the presence of calcium salts, casein is precipi- 
tated as insoluble calcium caseinate, and is subsequently digested to the 
peptone stage 

Duodenum — Trypsm and chymotrypsm of pancreatic juice, acting m an 
alkaline medium, rapidly break down protein through intermediate stages 
to peptones and small peptides and may liberate some amino-acids Their 
digestive action is facilitated by the bile-salts It must be remembered that 
m the intestine these enzymes are acting on protein which has already been 
partially digested by pepsin 

Small Intestine — Succus entencus contains the enzyme mixture “ erepsm,” 
a system of peptidases which specifically hydrolyse terminal peptide bonds, 
and thus completes the breakdown of polypeptides to amino-acids , this 
occurs partly in the lumen and partly m the wall of the intestine 

Digestion of Nucleoprotein — The protein portion is removed from 
nucleoprotem by the acid of the stomach, and digested with the other food 
proteins The freed nucleic acid is hydrolysed enzymatically in the gut to 
nucleotides, nucleosides, and finally to the constituent pentoses, purines, and 
pyrimidines These are then absorbed and metabolised The metabolism of 
purines, pyrimidines and nucleic acids is discussed on p 895 

Absorption of Amino-Acids — The ammo-acids, which are the end- 
products of protein digestion are absorbed into the intestinal capillaries and 
thence enter the portal vein , absorption is m part due to simple diffusion 
owing to the higher amino-acid concentration m the intestinal lumen, but 
active processes may also be involved There is evidence that, in special 
circumstances, certain proteins and peptides may be absorbed from the gut 
without previous complete hydrolysis to ammo-acids (e g during the digestion 
by an animal of its own plasma protein) 

Amino-Acid Pool Ammo-Acid Turnover Protein Synthesis — 
The ammo-acids after absorption into the blood diffuse throughout the body 
fluids and so reach all the tissue cells At the same time most of the tissue 
proteins (both “ structural ” protein and “ functional ” enzyme protein) 
are continually undergoing disintegration to release ammo-acids which 
likewise enter the circulation and thus become part of what is called the 
general “ amino-acid pool ” This steady and rapid tissue protein breakdown 
is taking place on a large scale (see below) No functional distinction can be 
drawn between the fate of the ammo-acids derived from the food and those 
derived from the tissues Prom the “ common ammo-acid pool,” amino- 
acids are taken up by the cells (each cell according to its specific needs) to 
be built into the cell structure as required If a cell takes up as much ammo- 
acid as it loses, it is m a state of “ dynamic equilibrium ” , if the loss is 
greater the cell wastes , if the gain is greater the cell grows 

From the rate of incorporation of isotopically labelled amino-acids, the 
rate of synthesis of proteins can be calculated In experimental animals this 
protein turnover is greatest m intestinal mucosa, followed by kidney, liver, 
brain, and muscle m that order In man, the protein “ turnover ” mvolves 
the breakdown and re-synthesis of 80-100 g of tissue protein per day, about 
half of it occurring m the liver , on an average the plasma protems are com- 
pletely replaced every 15 days 1 Nothing is known of the mechamsm of 
protem synthesis in the body 

1 Borsook, Physiol Pev , 1950, 30 , 206 
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The ammo-acid pool has no anatomical reality, but represents the available 
ammo-acid building units Thus the pool “ contains ” not only all the 
fiee ammo-acids of the blood, cvtiacellulai and intracellular fluids, but also 
the amino-acids which would be freed by the net breakdown of a portion of the 
tissue piotems The pool is constantly undergoing depletion because (i) large- 
scale deamination of presumably surplus ammo-acids takes place, the ammo 
(NIL) groups w Inch are split ofl being transformed mainly into urea, leaving 
a “ non-nitrogenous residue”, ( 11 ) amino-acids and their derivatnes (eg 
creatinine) are lost m the urine and other excretions , (in) amino-acids are 
contmually being built up into those proteins (c g hair) which are not part of 
the dynamic systems On the other hand, the amino-acid pool is alwajs being 
re-established by ammo-acids derived from the following ( 1 ) rcamination of 
certain non-nitrogenous residues , ( 11 ) animation of appropriate “ fragments ” 
which are present in the common metabolic pool (and therefore denied from 
carbohydrate and fat breakdown), (m) amino-acids split off from dietary 
protein and absorbed from the intestine into the blood This state of affairs 
is termed the “ continuing metabolism ” of the amino-acids 

The non-nitrogenous residues which are left after deamination of the 
amino-acids are used in wajs to be described (p 887) 

It should be remembered that it is not only the proteins of the body that 
are m a state of “ d}nnmic equilibrium,” i c a balance between simultaneous 
breakdown and synthesis, the same holds for practically all the materials 
of the body, eieu for such seemingly chemically inert material as the 
depot fat 1 

Example of Amino-Acid Utilisation — The general principles of 
amino-acid utilisation which are discussed in detail later, are well illustrated 
by a study of the fate of ingested glycine, m which both C atoms and the N 
atom were “ labelled ” with isotopes 2 After absorption, the labelled glycine 
mixes with the glycine already present in the body fluids The changes 
undergone by the glycine have proved to be as folloivs 

(i) Some is incorporated into the tissue and plasma proteins, at rates 
varying with each protein 

(n) Some is built into nou-protem compounds which contain glycine 
as part of their structure, e g glutathione, glycochohc acid (p 798), 
lnppuric acid (p 828) 

(m) Some is converted reversibly into the ammo-acid serine, and thence 
into cysteine (p 882) 

(iv) Some is used m the synthesis of other body constituents for which 
glycine is a specific precursoi, eg cieatine (p 893, Fig 572), haem and 
bile pigments (pp 173, 188), purmes (p 897), choline (probably via serine, 
p 867) 

(v) The remainder is dcamvialcd The NH 3 split off is (a) converted into 
and excreted as urea, or (b) used to animate various keto-acids to form other 
amino-acids (p 885), or (c) indirectly excreted as ammonium ions (NH 4 +) m 


the urine 

(vi) The non-nitrogenous residue which results from the deamination 


1 “ Life is a dynamic equilibrium m a polyphasio system ” (F G Hopkins, 1913) For 
the evidence see Schonheimer, The Dynamic State of Body Constituents, London, 1942 

2 Rittenborg, Cold Spring Harbor Sijmp Quant Biol , 1948, 13, 173 Bentley, Ann 
Reps Chem Soc , 1948, 239 
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reaction (v) is either [a) dissimilated to C0 2 and H 2 0, yielding energy or 
(i b ) built up into glycogen or glucose (p 888) "" " ‘ ' CJ ’ 

Essential Ammo-Acids The term essential is applied to those ammo- 
acids needed for replacement and growth, but which cannot be synthesised by 
the body in amounts sufhcient to fulfil its normal requirements They must 
therefore be supplied m the diet, usually combined m proteins A more appro- 
priate name for them would be the indispensable amino-acids, as they only 
differ from other ammo-acids in being indispensable components of the diet 
The rest of the ammo-acids (the non-essential, or dispensable, ammo-acids) 
can be synthesised m the 



weeks 


Fig 


body either (a) by the 
animation of appropn ite 
non-mtrogenous fragments 
derived from other sources, 
or (6) in special cases directly 
from the essential amino- 
acids But it should be 
emphasised that the body is 
“ spared the trouble ” of this 
synthesis if the dispensable 
ammo-acids are also avail- 
able from the diet 

The essential ammo- 
acids m adult man are 
valine, leucine, isoleucine, 
threonine, methionine (winch 
can also be converted to 
cysteine), phenylalanine 
(which can also be converted 
to tyrosine), tryptophan, 
lysine Arginine and histi- 
dine are probably indispens- 
able m children for growth 
Animals given a basal 
diet which contains no pro- 
tein or ammo-acid, but 
which is otherwise complete m all respects, rapidly die , if, however, all the 
above named a mm o-acids are added m appropriate amounts (either as 
protein or as pure synthetic ammo-acids), normal health, protein replacement, 
and reproductive power are maintained m adult animals, and satisfactory 
growth occurs m young animals (Fig 563) Rose is conducting long-term 
experiments with healthy men fed on diets devoid of mtrogeneous compounds 
except for known added amounts of pure synthetic ammo-acids 1 By 
measuring the nitrogen-balance (p 901) on various ammo-acid supplements, he 
has found that the above eight ammo-acids are indispensable for human adults 
under normal conditions , exclusion of any one of these essential ammo-acids 
leads to a negative mtrogen-balance (p 903, Fig 578), fatigue, loss of appetite, 
and “ nervous irritability ” , when the missing ammo-acid is added to the 
diet perfect health is promptly restored 

1 Rose, Fed Proc , 1949, 8, 546 , J biol Chem , 1950, 182, 541 


563 — Influence of Lysine Deficiency on 
Growth Growth Curves for Rats on Non- 
Nitrogenous Basal Diets supplemented 
with the various Proteins indicated 
(Drawn by J B Jepson from data m 
papers by Hawk, and Osborne and Mendel) 

Curve I Wheat protein (deficient in lysine) 

Curve II Gelatin (deficient in many anuno acids, though 
high in lysine) 

Curve III \\ heat protein + gelatin (sufficient of all the 
essential amino acids) .Normal growth curve 
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Under normal conditions, the amount of each essential ammo-acid which 
must be supplied per day, w hen all other amino-acids are present m abundance, 
is of the order 0 5-2 g The requirement for essential ammo-acids vanes 
with the amount of “ strain ” placed upon the sjnthetic capacity of the body 
Thus during grow th or lactation a higher intake of essential ammo-acids (as 
mixed protein) is required (p 1059) , m addition, as mentioned above, the 
amino-acids aigminc and histidine may become indispensable under these 
conditions, though they are dispensable m the normal adult, who can make 
them on a small scale 

Specific Metabolic Roles of Amino-Acids — In addition to being the 
building units of all the tissue proteins (including the enzymes and many of 
the hormones), ammo-acids have special roles m the formation of other 
components of the body Some illustrative examples will be given — 

(1) Glicine is a fundamental building unit from the common metabolic 
pool, and its reactions arc outlined on p 880 

(2) Arginine is part of the ejele winch is responsible for urea formation 
(p 887), and pro\ ides an amidine group for creatine synthesis (p 893, Fig 572) 

(3) Histidine is the precursor o f histamine (p 33 3) 

(4) Aromatic Amino-Acids Phenylalanine (which is indispensable) can 
be irreversibly comcrtcd to tyrosine , the latter is therefore dispensable if 
sufficient phenylalanine is supplied Tyrosine is the precursor for thyroxine 
(p 974), nor-adrenahne, and thence adrenaline (p 729), and the dark melanin 
pigments of the hair and skin 

(5) Sulphur-Containing Amino-Acids — Methionine, cysteine, and 
cystine are the sole sources of sulphur (apart from traces of the S-contaimng 
vitamins, ancurm and biotm) that can be used for synthetic purposes m the 
body, e g for the formation of organic sulphates (p 900) or taurine (p 798) 

Methionine (which is indispensable) can be irreversibly converted into 
cysteine (wduch is theiefore dispensable) This transformation occurs through 
the following stages (Fig 5G4) 

(l) Methionine forms homocysteine by transference of its CH 3 elsewhere 
(e g to form creatine, see (G) below, and Fig 5G5) 

(n) Homocysteine (40) combines with the 3C ammo-acid serine to form 
the 7C compound cystathionine (wuth loss of H s O) 

(m) Cystathionine undergoes cleavage at the homocysteine linkage of 
the S (wuth the addition of wmter) forming cysteine and (probably) homoserme 

It is clear that only the S atom of the original methionine appears in the 
cysteine This has been proved by the use of isotopic tracers 

Cysteine is readily converted to cystine under oxidative conditions, and 
the reaction is reversed undci reductive conditions The biological action of 
a protein containing a free SH group {i e combined cysteine) is often com- 
pletely altered upon oxidation to the corresponding disulphide (i e combined 
cystine) 

(6) Methionine (Biological Methylation) — Certain compounds of 
the body, with structures containing methyl groups (CH 3 — ) attached to an 
atom other than C can take part m enzymic reactions whereby these methyl 
groups arc transferred to suitable " acceptors ” which have no methyl group 
Such reactions are termed transmethylation reactions, and the substrates 
{methyl donors) arc said to possess biologically labile methyl groups The 
most important compounds with biologically labile methyl groups are 
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methionine (containing CH 3 — S — , Fig 565, choline (containing (CH 3 ) 3 N+ — , 
Fig 565), and the oxidation derivative of choline, betaine (p 867) The 
processes of transmethvlation in the body have been investigated by the use 
of isotopes, 1 and the results are summarised m Fig 565 
The following pomts should be noted 

-ch 3 , +H 

(i) The reaction methionine ^ = homocysteine is reversible 

+ch 3 , -h 

However, homocysteine can only take up a methvl group to re-form methionine 
if the methyl group is donated by choline (i e the reverse of (n) infra) 


METHIONINE 

1 




T 

HOMOCYSTEINE 



HOMOSERINE 

CH2“ ch 2 CH(NH 2 ) COOH 


ch 2 — 

CH2“ CH zCH(NH 2 ) COOH 

OH 

-b- + 

l 

SH 

4- 

h 2 0 

_ i . +h 2 o 

OH 

1 

CH 2 — ch(nh 2 )cooh 


— ^ O " 

| 

SH 


ch 2 — 

| 

CH 2 - ch(nh 2 )cooh 

SERINE 

CYSTATHIONINE 

CYSTEINE 


reduction | oxidation 

CYSTINE. 

Fig 564 — Inter relationships of the Sulphur containing Ammo acids 

(n) Methionine enables chohne to be synthesised in the body from etliano- 
lamine (NH 2 CH 2 CH 2 OH) by donating the necessary three methyl groups 

(m) Methionine can yield methyl groups to other suitable recipients, but 
these reactions appear to be irreversible Two examples are given 

(a) Methionine contributes a methyl group to guamdmo-acetic acid, thus 
bringing about the synthesis of creatine (p 893, Fig 572) This methyl 
group must be donated directly by methionine (but may come indirectly 
from chohne donating a methyl group to homocysteine to form methionine) 

(b) Methionine contributes a methyl group to nor-adrenahne for the 
synthesis of adrenaline (p 729) 

These reactions of methionine illustrate how artificial and misleading is 
the customary division of general metabohsm into subsections called carbo- 
hydrate, fat, and protein metabohsm Methionine, derived from protein, is 
responsible for creatine formation, and thus indirectly for carbohydrate 
utilisation m muscle (p 429) , it is responsible for choline formation, and thus 
indirectly with preventmg undue fat accumulation m the hver (p 867) , it ib 
1 Du Vigneaud, Harvey Lectures, 1942-43, 1 
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indirectly responsible for the formation of acetylcholine (via choline) and of 
adrenaline, and thus foi non ous transmission at cholinergic and adrenergic 
terminals , by its incorporation (as intact methionine and as the S atom of 
cysteine) into enzyme- and hormone-proteins it e\‘erts an influence on the 
metabolism of the whole body 

Synthesis of Labile Methyl Gioups “ Formate ” Metabolism — It was 
previously thought, on the basis of animal feeding experiments, that the 
body tissues were unable to synthesise biologically-labilc methyl groups, 
these had therefoie to be supplied in the form of dietary methionine (an 
essential amino-acid) However, later work using isotopes has shown that 
the tissues can synthesise substances containing labile methyl groups [eg 
choline) on a considerable scale if the normal dietary amounts of folic acid 
and vitamin J5 12 (p 108) aie present (as was not the case with the original 
experimental diets) 1 It is probable thnt the new 1} synthesised methyl groups 

CH2-SCH3 

ch 2 ch(nh 2 )cooh 

methionine 

A 

[CHj] 

V 

ch 2 -S H 

ch 2 ch(nh 2 ) 

homocysteine 
Pic 5G5 — Biological Trans Metlnlntion 

are used first to form methionine from homocysteine , the methionine then 
acts as a transmethylatmg agent as described above Although the tissues 
can and do synthesise methyl groups, dietary methionine is the most important 
source under normal conditions 

The precursor of synthetic methyl groups is a one-carbon unit called 
“ formate,” which appears to bear the same land of relationship to formic 
acid, H COOH, as active “ two-caibon units ” from fat bear to acetic acid 
(p 871) “ Formate,” and thence methyl gioups, CH 3 , can arise from serine, 

CHoOH CH(NH 2 )COOH,nnd expenmentally from formate H COO', formalde- 
hyde, II CRO, methyl alcohol, CII 3 OII, and other related compounds, but 
not from bicarbonate, IIC0 3 ' Other metabolic reactions m which “ formate ” 
plays a part aie the mterconveision of glycine and serine (p 880), and the 
synthesis of the purme nucleus (p 897) 

Fate of Surplus Amino-Acids — Amino-acids which are not used as 
such undergo oxidative deamination, predominantly m the liver , the ammo 
(NH 2 ) group is released as ammonia (NH 3 ) winch is then either excreted as urea 
1 Du Vigneaud et al , Science, 1950, 112, 267 
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(or, on a minor scale, as ammonium ions), or nsed m the synthesis of other 
ammo-acids, as described below The non-mtrogenous residues , after under- 
going various transformations, enter the “ common metabolic pool,” and are 
either completely dissimulated or are converted into glucose, fat, ketone 
bodies, or other ammo-acids (p 887) 

(1) Oxidative Deamination — The overall reaction is the transformation of 
an ammo-acid, R CH(NH 2 ) COOH, to the corresponding keto-acid, 
R CO COOH This involves an oxidation (or more exactly, a dehydrogenation) 
(enzymes ammo-acid oxidases , hydrogen carriers coenzyme-1 or flavin 
(pp 810, 854)) to give an immo- acid, followed by a hydrolysis liberating 
ammonia, thus 

CH 3 CH(NH,)COOH + Co-I — > CH 3 C( NH)COOH + Co-1 2H 

alanine coenzyme a immo acid reduced 

(H-carner) coenzyme 

CH 3 C(NH)COOH + H 2 0 — > CHgCOCOOH + NH 3 

pyruvic acid 

(2) Transamination — Deamination of an amino-acid may be coupled with 
the simultaneous ammation of a keto-acid This process is called trans- 
amination (enzymes transaminases ), and the result is the transference of the 
NH 2 group from one ammo-acid and its use to synthesise another, thus 

ch 3 ch 2 ch 2 cooh ch 3 ch 2 ch 2 cooh 

I +1 ^ I +1 

CH(NH 2 )COOH CO COOH CO COOH CH(NH 2 )COOH 

alanine a keto pyruvic acid glutamic acid 

glutanc acid 

Transamination is reversible and plays an important part m both the break- 
down of ammo-acids and their synthesis from non-protem sources (e g from 
keto-acids of the citric acid cycle, p 887) 

(3) Animation of N on-nitrogenous Residues — When ammonium salts or 
ammo-acids containing ammo groups “ labelled ” with isotopic 15 N are 
administered, the 15 JST label is later found incorporated into the ammo groups 
of many different ammo-acids of the proteins 

Appropriate non-mtrogenous residues must therefore have been converted 
into ammo-acids by taking up NH 2 from NH 4 + or other ammo-acids, i e 
by processes of direct ammation or transamination Ammo-acids from the 
ammo-acid pool are continually being broken down by deamination, and the 
processes of direct ammation or transamination are used to resynthesise 
some of these ammo-acids These synthetic processes are increased if a need 
arises for additional quantities of ammo-acid, e g the provision of glycine for 
“ detoxication ” mecha nisms (p 828) Products of deamination formed at 
one site can be reanimated elsewhere and so re-enter the “ ammo-acid pool ” 

(4) Ammonia, which is formed by the kidney, probably mainly from 
glutamine, is excreted into the lumen of the renal tubule and used m the 
regulation of the blood reaction (p 97) 

Urea Formation — The surplus ammonia which is formed by deamination 
and not used for reammation is converted into urea Ammonia is toxic and 
its toxic acoon is not entirely due to its strong basicity , it therefore cannot 
he allowed to accumulate Urea, on the other hand, is harmless even m very 
high concentrations 
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Urea formation occurs exclusively in (he liver Removal of the liver produces 
the following results {Figs 560,507) 

( l ) When urinary secretion is maintained in the liverless animal, there is 
a steady decrease in the blood urea, e g from 30 to G mg per 100 c c , the 
amount eliminated in the urine likewise shows a progressive and marked 
decrease Practically all the urea winch is secreted after hepatectomy 
can be accounted for by the decrease in the urea content of the blood 
fluids 

(n) If anuria follows the operation, the blood urea remains quite constant 

(m) If the kidneys are removed m a normal animal there is a rise m the 



Flo HCG — Effect of Koniot nl of Ln tr on Blood Urea, Blood Amino Acid and Urea 
and Amino Acid Excretion in Urine 


I xpcrlmcnts on (tops At point marked 0 remove liver 

Curve vv I tli broken line blood amino acid nltropen In mp /litre 

Curve vvltli continuous line blood urea nltropeu In me /hlre(ct 1 lp 507) 

Hectanpl"! with angle batching urea nitrogen +immonln nitrogen excreted In urine In 
mp /hour 

Rectangles with vertical hatching amino acid nltropen In urine in mg /hour 
Note rise of blood amino add Tall of blood urea and decrease and ultlmatelj disappearance of 
urea from urlno (Redrawn from Maun el al , A mer ) Physiol , 1020, 78 259 ) 


blood urea , if hepatectomy is now performed, the blood urea remains at the 
high level previously attained (Fig 567) 

These results prove that the liver is the only site of urea formation , and 
that urea once formed is not destroyed m the body 

(iv) The liver is the chief site of deamination of ammo-acids In the 
liverless animal the blood amino-acid rontent progressively rises (Fig 566) , 
injected amivo-acid is not deaminatid fo the normal degree and does not give 
rise to extra urea 

Essentially, urea formation m the liver consists m the union of InH 3 
(2 mols ) and C0 2 (1 mol ) with the elimination of H s O This, however, does 
not take place directly but through a cyclical system of enzyme reactions 
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(called the Krebs urea cycle, see footnote on p 851) m which the (non- 
protein) ammo-acid ornithine acts as “ catalyst ” (Fig 568) Ornithine 
reacts with C0 2 and 1 mol of NH 3 to give citrulhne, winch itself reacts with 
a second mol of Nff 3 to give arginine , the amidme group of arginine is 
split off as urea under the influence of the hydrolytic enzyme arginase, and 
ornithine is regenerated to continue the cycle The interaction of ammo- 
acids is further complicated by the fact that the ammo-acids glutamic and 
aspartic acid are involved m the entry of NH 3 into the “ cycle ” By the use 
of isotopes, it has been shown that the C0 2 used m urea formation, comes 
solely and directly from blood HC0 3 ' 



Fig 567 — Relation of Hepatectomy to Blood Urea Level 

Ordinate blood urea nitrogen in mg-% 

(1) Kidnejs removed liver removed 24 hours later (at 0) 

(2) Kidneys removed , liver remo\ ed 8 hours later (at 0) 

(3) Simultaneous removal of liver and Lidnejs (at 0) 

(4) Liver removed at 0, and urinary secretion maintained (cf Fig 560 
(Redrawn from Mann et al , Amer J Physiol , 1924, 69, 382 ) 

Fate of Non-Nitrogenous Residues from Amino-Acids — In general, 
the non-mtrogenous residues remaining after deamination enter the “ common 
metabolic pool ” and are either completely dissimilatcd to C0 2 or (less often) 
are built up into other body constituents 

Some ammo-acids are glucogenic, i e they may give rise to glucose 
some are Letogenic and may give rise to acetoacetic acid (and the other 
ketone bodies ”) The experimental methods employed m the study of 
these reactions are 

(i) Incubate hver shoes with an amino-acid, or perfuse the liver with an 
ammo-acid, and determine whether there is an increase m the glucose or 
ketone level in the medium or venous outflow 
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(n) Study tlie diabetic or phlondrimsed animal which excretes large 
amounts of glucose in the urine The administration of protein, like the 
administration of carbohydrate, increases the urinary glucose excretion, 
suggesting that food protein can give rise to glucose If specific ammo-acids 
are administered, some (glucogenic) increase the glucose pool and the degree 
of glucosuna while otheis (Litognuc) increase the excretion of ketone bodies 
m the uimc Glucogenic ammo-acids cannot counteract hypoglycaemia m 
hepatcctomi^ed animals , thus the li\ cr is an indispensable factor for their 
transformation into blood glucose 

(m) Administer amino-acids labelled with C isotopes, and investigate the 
isotope distribution (if any) in subsequently isolated glucose, glycogen, or 
ketones ° ' 
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The results of such studies arc as follows (Fig 569) 

(a) The fate of the non-nitrogenous residues derived from the essential 
amino-acids, tryptophan, lysine, histidine, and methionine is unknown 

(b) Leucine, isoleucine, and phenylalanine (three of the essential ammo- 
acids) and tyrosine are ketogemc Their deamination and normal oxidation 
in the liver gives rise to acetoacetic acid, by known irreversible routes , this 
acetoacetic acid joins the “ common metabolic pool ” and is subsequently 
dissimulated (p 872) 

(c) All the non-essential ammo-acids are glucogenic This fact indicates 
that they give rise to an intermediary found on the reversible pathway of 
carbohydrate dissimilation Since all the non-essential ammo-acids can be 
synthesised in the body from carbohydrate and a N source (p 881) the route 
by which they enter the carbohydrate pathway (including the deamination 
stage) must be reversible The identity of the intermediary has been deter- 
mined m most cases 

(a) On oxidative deamination or transamination, alanine and the ammo- 
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acids winch can. be converted into it (glycine, serine, cysteine) give rise to 
pyruvic acid, 

CH a CH(NH,)COOH + 0 ’ _NH 3 CH, CO COOH 

^ 

(alanine) (pyruvic acid) 

(/?) Glutamic acid (and probably proline and arginine) give a-keto-glutaric 
acid, 

COOH(CH 2 ) 2 CH(NH 2 )COOH ^ COOH(CH 2 ) 2 CO COOH 

(glutamic acid) (keto glutanc acid) 

(y) aspartic acid gives oxaloacetic acid, 

COOH CHo CH(NH 2 )COOH ^ COOH CH 2 CO COOH 

(aspartic acid) (oxaloacetic acid) 

These three products are all components of the citric acid cycle (Fig 569, and 
p 852, Fig 559) , they can either be built into glucose, or dissimilated m the 
liver to yield energy, thus “ sparing ” the dissimilation of glucose 

It is found by method (m) supra that the carbohydrate apparently formed 
from glucogenic ammo-acids does not always arise by direct conversion of 
the ammo-acid to glucose It can also come from the conversion to glucose 



Fig 569 — Fate and Inter relationships of some of the Amino acids 
(Diagram byJ B Jepson ) 
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of some other metabolite which has itself been “ spared ” by the noil-nitro- 
genous residue of the ammo-acid 

(d) The remaining essential amino-acids (threonine and valine) are 
glucogenic How they reach the carbohydrate pathway is not known, but 
presumably it is by a non-reversible route as they are indispensable in the 
diet 

Fate of Residues rnoir Aromatic Amino-Acids — In certain very rare 
congenital disoiders, the normal o\idative mechanisms of phenylalanine and 
tyrosine metabolism arc deranged by “ blockage ” at different points This 
results in the urinary excretion of intermediate metabolites, and has given 
valuable information on the normal oxidation of these amino-acids 

The following conditions arc of particular interest 

( I ) Imbccilhias phcnylpyruvica (Rolling's disease), a form of idiocy strangely 
coupled with the inability to convert phenylalanine to tyrosine Phenyl- 
alanine accumulates, and phenylpyxuvic acid (the deamination product of 
phenylalanine), appears in the unne 

( II ) Alcaptonuna, 1 where homogcnhsic acid (2 5-dihydroxy-plienyl-acetic 
acid)appears in the urine , such urine darkens considerably when alkaline 
and exposed to air, and may turn almost black Homogentisic acid is 
apparently a normal metabolite from tyrosine, but alcaptonuncs excrete it 
rather than oxidise it further to acetoacetic acid as is its normal fate (p 888) 

Exogenous and Endogenous Metabolism — It has been customary to 
divide the metabolic processes that take place in the body into two fairly 
sharply defined compartments (i) metabolism of the foodstuffs ( exogenous ) , 
( 11 ) metabolism of the tissues (endogenous) 

The distinction drawn vas analogous to that between the consumption of 
fuel (food) by an engine, and the wear and tear of the engine itself (tissues) 
But as has been emphasized, the proteins and nucleic acids and most of the 
other constituents of the tissue cells are constantly undergoing breakdown 
processes similar to those that affect the foodstuffs m the gut , in general, 
the products of digestion and those of cell disintegration enter a common pool 
and suffer a common fate (p 853) There was, however, a fundamental 
truth in the classical conception some of the urinary constituents vary 
v idely m amount in relation to the protem-content of the food, while others 
are relatively independent of the diet This distinction is brought out m the 
Tabic below (from Folin), v Inch shows the differences m the composition of the 
urine on two diets, both adequate in calorics, but one poor m protem-content 

It is obvious that the total nitrogen excretion m the urine, is related to the 
protein intake On diets of adequate calorie value but very low m protein, 
the nitrogenous output may be substantially reduced, e g from 16 8 to 3 6 g 
daily The excretion of urea and inorganic sulphate is markedly dependent 
on the diet , the urinary output of these substances is an index of protein 
intake, or, in the (discarded) classical terminology, of exogenous metabolism 
On the other hand, the excretion of creatinine, neutral sulphur and about 
half the uric acid is quite independent of the protein intake , m the classical 
terminology, the output of these substances is an index of endogenous meta- 
bolism This term can be usefully retained, since the “ continuing metabohsm 
of the tissues is normally an equilibrium between simultaneous synthesis and 
breakdown and does not have to be taken into account when making corn- 
1 Neuberger et al , Biochem J , 1947, 41 , 438 
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019 „ 


oio „ 


1 

Neutral sulphur 

018 „ 


0 20 „ 


Unchanged , 

1 


parison between dietary intake and urinary output Tbe end-products of 
endogenous metabolism appear to represent a slow, continuous, and wasteful 
“ seepage ” of useful materials from tbe common metabolic pools 

Origin and Physiological Significance of Nitrogen-Contammg 
Constituents of Urine — Mixed proteins contain an average of 16% of N , 
thus the dissimilation of 100 g ot protein (the recommended, though high, 
daily intake) yields 16 g of waste N, nearly all of which is excreted m the 
urme The chief N-contammg waste products in the urme are urea , 
creatimne and creatine , ammonium ions , uric acid A small quantity of 
ammo-acids is also lost from the body m the urme 

(1) Urea 1 — (i) Effect of Protein Intake — Urea is formed m the liver from 
ammonia derived from ammo-acids (or from ingested ammonium salts) , 
the details of its mode of formation are given on p 886 As previously 
explained, the ammo-acids of the body constitute a “ pool ” into which 
ammo-acids pass from the food and the tissues, and from which ammo-acids 
are taken, to be synthesised into protein or otherwise transformed as required 
by the tissues Normally, “ surplus ” ammo-acids (whatever their origin) 
are deammated and their ammonia is converted into urea , the adult man has 
no means of storing surplus ammo-acids except by a very limited increase m 
tissue protein On a normal protein intake the ammo-acid pool is “ over- 
flowing ” with ammo-acids which have come predominantly from recently 
ingested food On such a diet, the urinary urea is therefore mainly of food 
ongm , in other words it is mainly (but by no means exclusively) exogenous 
'Within limits, the urea outjmt varies directly with the recen protein intake 
Urea is always the principal nitrogenous constituent of the urine, constituting 
60-90% of the total urinary N On a normal mixed diet, an adult’s daily 
excretion of urea is 15-40 g (—7-18 g urea-N) 

(u) Effect of Protein-Free Diet which is Adequate in Calories ( Energy 
Content ) — When no protein is eaten, ammo-acids are contributed to the 
“ pool ” by the breakdown of tissue proteins only One would perhaps expect 
that an equal amount of ammo-acid would be withdrawn from the “ pool ” 
for restitution purposes and that urea formation would therefore cease 

1 For mechanism of excretion of urea see pp 2S cl seq , 69 Urea clearance and the 
urea clearance test are described on p 39 
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This, however, is not what happens Instead, the “ pool ” is slowly and 
continuously being depleted of its essential ammo-acids, mainly through their 
conversion to high-priority expendable body components, c g creatine (p 894) 
The remaining annno-acids not used for these special syntheses cannot be 
rebuilt into the proteins from which they come, because one or more of the 
required essential (non-synthcsisablc) ammo-acids needed for the protein 
synthesis has been utilised elsewhere , as they cannot be stored they are 
irreversibly broken down, giving rise first to ammonia and then to urea In 
other w ords, more tissue protein is broken down than is rebuilt, the net loss 
appearing partially as expendable metabolites [eg creatmme) but mainly 
as urinary urea The urinary urea on a protem-free diet is, m the classical 
terminology, wholly endogenous, and its minimum level is about 4 g of urea 
per day It should be emphasised that it is under the conditions of tins 
experiment {i e protein-free diet containing the full calorific requirements in 
the form of carbohydrate and fat), rather than m starvation, that the minimum 
excretion of N and of urea takes place 

(m) Effect of Starvation (i c no protein, no calorics) — In complete starva- 
tion, tissue protein (particularly muscle protein) is broken down to ammo- 
acids on a much larger scale than in (n) Some of these ammo-acids are used 
for the restitution of high-priority expendable components as m (n) But, as 
no food energy is available, most of the liberated ammo-acids are deammated 
and the residues utilised for energy purposes and to maintain the blood sugar 
level Tissue protein is thus used in the same way as, and as a substitute for, 
food protein In starvation, therefore, urea excretion is on a much larger 
scale than on a protem-free diet which is adequate m calories, because in the 
latter condition tissue protein is not being used for “ fuel ” (cf p 900) 

(2) Creatine and Creatinine 1 — The structure and relationships of urea, 
guanidine, crcatme, creatine phosphate (phosphocreatme) and creatmme are 
shown in Fig 570 
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Fra 570 — The Structures and Relationships of Creatine and Creatinine 


’Peters and Van Slyke, Quantitative Ohmcal Chemistry, 2nd edn , vol I, i, 897 



CREATINE AND CREATININE 


S93 


Distribution of Creatine —Creatine, though a constituent of many 
tissues, occurs m greatest concentration m skeletal muscle, with lesser amounts 
m heart muscle, brain, and uterus (especially during pregnancy) The 
creatine concentration of skeletal muscle increases steadily during foetal and 
post-natal growth until the adult level is finally reached 

In resting muscle, creatine exists largely as creatine phosphate (phospho- 
creatme), the phosphate group of which is linked to the creatine by a high- 
energy phosphate bond, ■~ph (p 842) Creatine phosphate is formed by the 
reaction of creatine with adenosine triphosphate (ATP) , this reaction is 
reversible, creatine phosphate transferring its ~ph to adenosine diphosphate, 
(ADP) and regenerating ATP as required The energy of carbohydrate 
dissimilation m muscle is initially made available as the high-energy phosphate 
bonds of ATP (p 429), but it is stored as the high-energy phosphate bonds of 
creatine phosphate Creatine phosphate can be accumulated m quantity 
(unlike ATP), and its high-energy phosphate bonds are available for the 
rapid re-synthesis from ADP of the ATP which is required for muscular 
work (Fig 571) 


Energy oF 
Dissimilation 


ATP + CREATINE ^ 


Muscle 

Energy 


t 

iT ADP + CREATINE 
| PHOSPHATE 

I (store oF 

muscle energy) 


Fig 571 — Creatine Phosphate as an Energy Store (Cf Fig 259 ) 


Formation of Creatine and Creatinine — Isotope experiments have 
shown that creatine is synthesised m the liver from three amino-acids 
(Fig 572) arginine transfers its amidme group to glycine to form guamdmo- 
acetic acid, which is irreversibly transmethylated by methionine (p 883) 

The creatine is discharged into the blood (normal level=2~8 mg per 


[From Arginine] 

NH = C 

4 

[From Methionine] CH3“^N~ , ~CH2”~’CQ0H [From Glycine] 

I 

I 

Fig 572 — Creatine Synthesis 

Noto the three amino acids inaohed in the formation of creatine, and thence of creat nc 

phosphate and creatinine 
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100 c c of whole blood, 0 4 mg per 100 c c of serum) and taken up by 
the muscles as required Creatine in excess of the muscle storage capacity 
{eg after ingestion of large amounts of creatine) is disposed of by unknown 
means, though m special cases it is excreted m the urine (see below) 

The chief reaction of creatine is its phosphorylation by ATP to give 
creatine phosphate Some of the store of creatine phosphate is continuously 
being lost to the body by a slow, spontaneous transformation to creatinine , 
by ring formation with loss of H 3 PO, , the creatinine is excreted in the urine 
This is the major source of creatinine, little or none coming direct from 
creatine itself (i c b} ring formation with loss of H 2 0) 

Excretion or Creatine in Urint (Creatinuria) — Creatme is not a 
normal component of the urine but may appear m the following conditions 
(i) (a) It is constantly and normally present m children of both sexes up 
to the age of puberty This fact may be associated with the low' storage 
pow T er of the muscles for creatme at an early age 

(b) It is found in an intermittent manner in the urine of women, but is 
not related to menstruation There is a continuous creatme excretion during 
pregnancy It rises to a maximum of 1 3 g daily after delivery, when it may 
be derived from the involuting uterus 

(c) Creatme is excreted irregularly by normal men 

(n) In certain pathological states of muscle, e g the myopathies, creatme 
is excreted, because of the low storage power of the muscles Even if only 
small amounts of creatme are ingested, 90% or more appears unchanged m 
the urine 

(ill) In any condition in w Inch unusual breakdown of the tissues (especially 
muscles) occurs, eg in starvation, diabetes, exophthalmic goitre, and fcAor 
(from the increased metabolic rate), creatme is excieted In all states of 
under-nutrition the muscles bear the brunt of the burden , as their substance 
is broken down for energy purposes, creatine is liberated, some of which is 
stored in the muscles W'hicli are still intact, and the rest is passed out in the 
urine as creatine 

Excretion or Creatinine — Creatinine is formed m the body exclusively 
from creatine via creatine phosphate Minute amounts of creatinine (so-called 
“ endogenous ” creatinine) are picseut in blood (1 mg per 100 c c ) , it is a 
non-threshold substance which is excreted m the urine by filtration from the 
glomeruli (p 33) If creatinine is ingested, the blood level is raised This 
“ exogenous ” cicatmine is also excieted by the tubules (cf p 34) 

The urinary output of creatinine during a period of work is invariably 
greater than during the corresponding time of a day of inactivity , this is, 
however, immediately followed by a period of unusually low output, so that 
the 24-hour output is unaffected by woik The daily output of cieatimne is 
thus reasonably constant and is independent of the protein intake or the total 
amount of nitrogen excreted Creatinine output depends not so much on 
the muscle mass as on its creatme plus creatine phosphate store, though, of 
course, the two are related , the amount of creatinine excreted m 24 hours 
represents the conversion of about 2% of the body creatine 

Urinary creatinine is a product of endogenous metabohsm m the classical 
sense, representing the removal of the steadily expendable creatine The 
excretion of creatinine means the loss of valuable methyl groups from the 
body , of the normal dietaiy components only methionine can supply the 
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methyl groups to replace them (p 882), though tissue synthesis of methyl 
groups may make some contribution (p 884) 

(3) Ammonium Ions — The origin and significance of urinary ammonium 
ions, NH 4 +, are fully discussed on p 97 

(4) Amino-Acids — Traces of many ammo-acids and small peptides are 
found m normal urine, representing a mainly “ endogenous ” excretion An 
increase m the excretion of specific ammo-acids (probably due to faulty 
reabsorption by the renal tubules) may occur pathologically (e g in the 
Fancom syndrome) 1 The investigation of urinary amino-acid patterns by 
“ paper chromatography ” may have diagnostic value 2 * * 

Certain ammo-acids are used by the liver to “ detoxicate ” unwanted 
compounds (p 828) These products, of which the chief is Inppunc acid 
(from the condensation of benzoic acid with glycine), then appear m the 
urine 

(5) Uric Acid — Uric acid is the only recognised end-product of purine 
and nucleoprotem metabolism in man, and is discussed below 

Nucleic Acid Metabolism Purines and Pyrimidines Uric Acid — 
Pukines — The formulae of the chief purines of physiological interest are 
shown m Fig 573 
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Fig 573 — The Structures of Some Important Purines 


1 The Fancom syndrome is a form of osteomalacia or rickets, resistant to vitamin D 

therapy, and characterised by urinary loss of phosphate, glucose and amino acid* 5 

* Paper chromatography a technique for the separation of closelj related substances 
apphcable on the microgram scale The mixture of substances is adsorbed at one spot 

on filter-paper , solvents are then passed over the spot by capillary attraction in tlic 

paper , each of the components of the mixture forms a separate, discrete spot m a position 
along the paper dependent on its solubility and strength of adsorption , the spots can be 
located and identified For the use of this technique to investigate abnormalities of 
ammo acid and protein metabolism, see Dent, Btochem Soc Symposium, No 3 (1919), 
34—49 
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Note that purines are built from a system of two fused rings each containing 
two N atoms, namely a G-meinberecl (pyrimidine) ring and a 5-membered 
(nnmazole) ring The purines winch have been found in nucleic acids are 
adenine and guanine 

Pyrimidines —The pyrimidines are built from a 6-membered nna, 
identical with atoms 1-G of the purine system The pyrimidines which have 
been found in nucleic acids are wacil, n/tosinc, and thymine, with the formula! 
shown in Fig 574 
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Distriiiution or Purixts and Pyrimidines — In Tissues — The nuclei 
of all cells are rich 111 nucleic acids (present mainly as nucleoprotein, p 878) 
All cells contain nucleotides which function as coenzymes (pp 810, 102S) 

Cells contain enzymes which constantly break down tissue nucleic acids 
and liberate the purines (adenine and guanine) and the pyrimidines which 
enter a “ common purine and pyrimidine pool ” , simultaneously, nucleic 
acids are rebuilt fiom the pool The maturation of nucleated red blood 
cells to form non-nuclcated discs nnolves the destruction of the nucleus 
this process is an important source of purines and pyrimidines to the pool , 
smaller amounts arc provided by the desti action of circulating white blood 
cells 

In Food — (1) The cellular foodstuffs w Inch are rich in nuclei, c g In er, 
kidney, pancreas, brain, yeast, arc likewise rich in nucleic acids which are 
digested in the intestine (p S79) giving rise to adenine, guanine, and 
pyrimidines 

(II) Oxy-purines, c g xanthine and hypoxantlune, are present m meat 
extracts (soup, beef tea, and the like) 

(III) Methyl-purines, e g theophylline, caffeine, theobromine, are present 
in tea, coffee, and cocoa 

Purine and Pyrimidine Metabolism 1 — (1 ) Adenine — There is a 
“ common adenine pool ” in the body The pool leceivcs (1) adenine released 
from the foodstuffs , (11) adenine released from various constituents of the cells 
(chiefly from nucleic acids, but also from the coenzyme nucleotides and 
adenosine triphosphate) , and (111) adenine synthesised m the body (p 897) 
Free adenine is taken from the pool (1) for the re-synthesis of ademue-contam- 
mg cell components (it is naturally taken up m larger amounts during 
growth or repair) , (n) for conversion into guanine , and (m) some is “ wasted ’ 

1 Brown, Cold Spring Harbor Symp Quant Biol , 1948, XIII, 43 
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by being transformed into uric acid (see below) Adenine is not used m the 
formation of tissue pyrimidines 

(2) Other Purines — Guanine and other purines (e g hypoxanthine and 
xanthine) which have been absorbed from the intestine or formed m the body 
cannot be reconverted mto adenine, nor are they taken up by the cells for 
synthetic purposes All these purines are converted mto uric acid which is 
partly excreted in the urine 

(3) Formation and Fate of Uric Acid —The stages in uric acid 
formation m man are probably as shown m Fig 575 (formulas m Fig 573) 
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FtG 575 — The Metabolism of Purines and the Formation and Fate of Uric Acid 

In many animals {eg most breeds of dog) uric acid is further oxidised to, 
and excreted as, allantom Strangely enough, the Dalmatian coach-hound is 
unable to reabsorb unc acid m the renal tubules and thus excretes all the 
unc acid which is filtered out in the glomeruli , it is, however, able to form 
allantom if the ureters are tied off to retain the uric acid within the body 
In man, most of the uric acid formed from purmes is excreted in the urine , 
it has been shown however that a considerable proportion of experimentally 
administered uric acid is further oxidised to unknown products 

(I) Purine Synthesis — Purmes can undoubtedly be synthesised m the 
body The evidence is as follows 

(i) An infant on a milk diet, which is almost purine-free, puts on weight 
and increases the total number of its cell nuclei and the punne content 
of its body 

(n) A Dalmatian dog fed for a year on a purine- and nucleoprotem-free 
diet excreted 100 g of uric acid, of which not more than 10 g could have come 
from preformed punne of its tissues 

(in) There is convincing isotopic-tracer evidence that adenine (and thence 
tine acid) can be synthesised from non-purine components of the common 
metabolic pool The specific sources of 6 of the 9 atoms of the rings have 
been determined C-4, C-5, and N-7 are derived from glycine , G-6 from 
blood HC0 3 ' , C-2 and C-8 from one-carbon “ formats 1 units (p 881) 

Guanine is formed from adenine and probably also from non-punne 
sources 

29 
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Arginine and histidine, in spite of resemblances m their structural 
formulae to purines are not concerned in punne synthesis 

(5) Pyrimidines — The mode of formation and the fate of the pyrimidines 
of nucleic acids is still obscure 

Uric Acid —(1) Formation and Fate or Uric Acid —See p 897 

(2) Factors ArrECTiNG Urinary Uric Acid Output— U ric acid is 
excreted chiefly as monourate salts The total daily output depends partially 
on the punne content of the diet, and is 0 75-1 g on an average On a 
purine-free diet it falls to about one-half, i e 0 3-0 5 g , but this residual 
(endogenous) excretion vanes widely , it is increased by vigorous activity 
(exercise) and is influenced by the other constituents of the diet 

(l) Protein ingestion stimulates the uric acid output thus changing 
from a diet of milk and eggs to one of starch and cream lowers the uric acid 
excretion, though both diets are purine free Ingested ammo-acids, even in 
small amounts, increase the hourly fasting output of uric acid 

(n) The calorific value of the diet is important On a constant protein 
intake, raising the calorific value of the food increases the uric acid output 

(in) If the diet is mainly carbohydrate with little fat, there is increased 
uric acid excretion If the diet consists of little carbohydrate and much fat, 
the uric acid output is small. 

To summarize uric acid excretion is diminished when the diet has a 
low purine content, a low protein content, a low calorific value, and consists of 
fat rather than of carbohydrate 

(3) Blood Uric Acid — The normal limits are 0 7-3 7 mg per 100 c c with 
an average of 2 mg It is raised m gout up to 9 mg-% [infra) The way in 
which uric acid is carried in the blood is still uncertain Ingestion of purme- 
contaimng food has no effect on the blood uric acid m normal people, but 
raises it m cases of renal insufficiency It is claimed that uric acid is the first 
nitrogenous constituent to be retained m nephritis, values of 6 mg-% or over 
occurring before the other nitrogenous constituents are increased In uranma 
(p 76), values as high ns 27 mg-% may be obtained In Iculocmia and 
pneumonia considerable breakdown of nuclei of white blood corpuscles 
occurs, and the blood uric acid is raised Although in these two diseases the 
kidneys are excreting a great deal of uric acid they are unable to eliminate it 
as rapidly as it is formed 

Gout — Gout is a chronic disorder characterized by (i) excess of uric 
acid m the blood , (u) deposition of mono-sodium urate m the cartilages 
of the joints and in other structures, and (m) recurring attacks of acute 
arthritis 

Isotopic tracer work 1 shows that the “ uric acid pool ” m a normal man 
is about 1 g , but m a subject with severe gout this was increased to 31 g , a 
value which included the tophi (solid urate deposits) 

The cause of the excessive concentration of uric acid m the blood and 
body fluids of gouty patients is unknown There is no evidence of over- 
production of purine bodies, so that the defect may be one of elimination, or 
failure of disposal of uric acid in the body It has been suggested that there 
is failure of the kidneys to excrete uric acid adequately, although they 
eliminate the other nitrogenous constituents of the blood, eg urea, m a 
normal manner The unc acid may be circulating m the blood m some 
1 Benediot el al , J chn Inveshg , 1950, 29, 1104 
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abnormal combination, which prevents its filtration by the glomeruli of the 
kidney 

No satisfactory explanation is available to account for the deposition 
of urates in the cartilages of the joints The blood uric acid is raised to 
considerably higher levels m some cases of chronic nephritis and leukaemia 
without such deposition taking place 

The cause ot the arthritis m acute gout is also obscure It is generally 
assumed that the inflammation is excited mechanically by the deposition 
of urate crystals m the tissues Uratic concretions may, however, attain 
a large size without causing any symptoms whatever 

The excretion of uric acid in the urine is reduced just before an attack of 
gout and is increased during 
the attack Between the i^oi 

attacks it may be about normal 
or shghtly diminished 

The drug cmchophen greatly IIOt 

mcreases the urinary uric acid 
excretion and lowers the blood urinary 
uric acid m gout The mcreased 
elimination ceases after 2 days, 
and if the use of the drug is 
continued longer it fails to 6oc 

decrease the blood uric acid 
level further The excretion 
of uric acid m the urine is 3(X 

markedly increased by 
pituitary corticotrophm 
(ACTH) and cortisone which 
probably act directly on the 
kidney, decreasing the degree drug 

of reabsorption m the tubules days 

Acetyl salicylic acid (aspirin) 
has a similar effect Colchicine, Fig 576 __E ffect 0 f Various Drugs on Uric 

which may relieve the acute Acid Excretion (Benedict et al , J Clin 

pam of gouty arthritis does Investig , 1950, 29, 1106 ) 

not increase the unnary output 

of uric acid (Fig 576) The dietary conditions which serve to dimmish uric 
acid excretion have been summarized on p 898 

Sulphur Compounds in Urine — The sulphur compounds of urine are 
derived solely from the sulphur-containing ammo-acids (methionine, cysteine 
and cystine) of the dietary and tissue proteins The sulphur is excreted m 
three forms 

(l) Inorganic Sulphate — Sulphur-containing ammo-acids of the ammo- 
acid pool that are not used m protem synthesis or other transformations 
(p 882) are completely oxidised, the nitrogen appearing as urea and the 
sulphur as sulphate ions, S0 4 " The sulphate anions are excreted m the 
urine, with an equivalent amount of cation (Na+, K + , NH 4 +) The level of 
inorganic sulphate excretion follows that of urea excretion, bemg high on a 
high-protem diet and reaching a minimum on a protein deficient diet The 
normal range of unnary output is 0 3-3 0 g of sulphate ions per day Inorganic 
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sulphate introduced into the body parentally is excreted without appreciable 
utilisation 

( 11 ) Ethereal Sulphate — The urine contains small amounts of organic 
sulphate esters, It-0-S0 3 II (where R= various aromatic radicals), the so- 
called ethereal sulphates These are the forms m which many phenols, It OH, 
are “ detoxicated ” and excreted m the urine (p 828) The conjugation of the 
phenol with sulphur from amino-acids takes place in the liver The phenols 
w Inch form ethereal sulphates are (a) physiological compounds (c g cestrone), 
(b) non-physiological compounds ( c g salicylic acid from ingested aspirin , 
and (c) phenols formed from aromatic amino-acids by the putrefaction of 
amino-acids in the intestine Thus trjptophan is decomposed to give indole, 
which is oxidised m the liver to indoxjl and conjugated with SO/ The 
potassium salt of mdoxyl sulphate (called uuhean) is excreted m the unne 

(in) Neutral Sulphur — This term is applied to a heterogenous collection 
of unoxidized S-contnining substances (c g cystine, mercaptans) found in 
the urine m traces , their origins are obscure, but the total neutral S excretion 
is unaffected by the diet (in the classical terminology, it is endogenous) 

Metabolism in Starvation — During starvation, the subject must hve 
on the component tissues of Ins ow n body for energy purposes Even if no 
physical work is being done, about 2000 Cal will be needed daily During 
the first few dajs the glycogen stores of the liver arc called upon, but these 
at the best only amount to sev eral hundred grammes and so are of very limited 
value The main source of energy must be the fat reserv es and tissue protein 
So long as fat is available tissue protein is used sparingly, but some net 
destruction of protein cannot be nv oided 

Use of Eat — As discussed on p 8G0, the fat which is used m starvation 
is the neutral fat (trigljccridc, clement variable) which is found m adipose 
tissue , it is mobilized and taken to the liver, where it is either completely 
dissimilated or transformed into ketone bodies, which are sent to other tissues 
for oxidation The complex lipide (element constant) which forms part of the 
cell structure is spared till the end 

Use of Tissue Proiein — Tissue protein is treated in starvation hke food 
protein and is hydrolyzed to amino-acids but on a larger scale than normally 
The tissues are not treated uniformly brain and heart only lose 3% of their 
bulk , muscles, liver, and spleen lose 30, 55, and 70% respectively There is 
evidence that the breakdown of tissue protein in starvation is controlled, 
possibly through the action of the adrenal cortex 

The released amino-acids enter the “ common pool ” (l) The first call on 
the pool is to maintain the structure and so preserve the functional efficiency 
of the essential organs (cf p 892) , this would also include formation of 
enzymes and those hormones which are proteins or amino-acid derivatives 
(n) The second call on the pool is to preserve the normal blood sugar level 
without which brain function fails , as the sugar is steadily withdrawm from 
the blood by all the organs (and not only by the brain), protein used m this 
way is acting as a source of energy The conversion of ammo-acids to sugar 
(or the dissimilation of amino-acids in place of sugar) occurs in the liver and 
involves preliminary deamination , the NH 3 thus liberated is excreted as urea 

The urinary urea output in starvation is an index of tissue protein con- 
sumption When the fat stores are exhausted, protein alone is available for 
energy purposes and death rapidly results 
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Nitrogen excretion during the first week of starvation averages about 10 g 
daily (which is far higher than the possible minimum (cf p 892)), during the 
second or third week it may fall to a considerably lower value The changes 
in the individual nitrogenous and sulphur-contammg constituents are 
essentially similar to those found on a low protein diet (see Table, p 891) 
Just before death the urinary nitrogen output rises steeply (“premortal 
rise ”) owing to the rapid destruction of tissue protein 

Sources oe Energy — An examination of the nitrogenous excretion and 
of the metabolic rate enables an estimate to be made of the relative amounts 
of fat and protein which are being combusted Thus, a starving man on the 
fifth day of his fast, when his energy output was 2000 Cal , excreted 11 4 g 
of N 1 g of nitrogen in the urine represents the breakdown of 6 25 g 
of protein The urinary nitrogen indicates that 6 25 X 11 4—71 5 g of tissue 
protein were being broken down, which would yield roughly 300 Cal (1 g 
protein— 4 1 Cal ) The rest of the energy, % e 1700 Cal , must have been 
derived from about 190 g of fat (1 g fat— 9 3 Cal ) The fasting body was 
using protein and fat m the proportion by weight of 71 5 190, i e about 
1 25 

Ketosis — Owing to lack of carbohydrate, ketogenesis is stimulated and 
ketones pass into the blood from the liver faster than they are disposed of by 
the tissues (p 870) There is thus a ketosis and ketone bodies appear m the 
urme The usual steps are taken to compensate for the tendency to acidsemia, 
i e buffering by means of bicarbonate, increased pulmonary ventilation, and. 
fall of alveolar C0 2 tension , increased acidity of the urme , increased NH„+ 
excretion (p 91) As the depot fat is mobilized, there is a shght rise m the 
blood fat and fatty liver develops 

Blood Sugar — This is maintained at a steady level almost to the end , 
it is formed in the liver from ammo-acid residues, glycerol (from fats) and lactic 
acid (from partial dissimilation of muscle glycogen) , if hepatectomy is 
performed, a hypoglycemia which is rapidly fatal, results 

Death occurs after about 4 weeks, when the body weight is reduced by 
50% The temperature only falls just before the end 

The principal metabolic changes m starvation are illustrated in Fig 577 

For a discussion of the effects of undernutrition see pp 1045-1050 
. Nitrogenous Equilibrium — When we say that the body is m nitro- 
genous equilibrium we mean that the mtrogen intake m the food over a given 
(long) period equals exactly the mtrogen lost in the excreta (mainly m the 
urine and, to a minor extent, m the fseces) over the same period Experiments 
measuring mtrogen intake and excretion under specified conditions are called 
nitrogen balance experiments A subject m nitrogenous equilibrium is said to 
be tn nitrogen balance , by a curious extension of this terminology, a subject 
whose intake of N is greater than the output (e g m growth) is said to have a 
positive nitrogen balance , and one whose intake of N is smaller than the output 
(e g m starvation) is said to have a negative nitrogen balance Equilibrium 
will be maintained on a diet of protein alone if protein is administered m 
sufficient quantity to supply the full energy requirements of the body This 
can readily be done m carnivorous animals, but only with difficulty m man 
Let us consider the case of the man mentioned previously whose fastmg 
requirements were 2000 Gal The ingestion of protein will raise the energy 
output further and mcrease his food requirements Lean meat contains 
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about 20% of protein , thus 1 lb (500 g approximately) yields 400 Cal , 
so that about G lb would have to be consumed daily to provide the energy 
needs m this subject at rest, and considerably more would be necessary during 
exercise Eskimos consume about 8 lb meat a day and maintain excellent 
health, and the same feat has been performed by explorers in Arctic regions 



Fig 577 — Metabolic Changes during 31 days’ fasting m Man (Modified from McLeod, 
Physiology and Biochemistry in Modern Medicine ) 

The ohart Is prepared from an experiment by F G Benedict In the Nutrition Laboratory of the Carnegie 

Alveolir'cO^in mm 1 Hg ^Total nitrogen, 0 hydroxy butyric aoid and ammonia N in the urine in g in 
24 hours 
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If an amount of protein is given to a starving person equivalent to the 
amount of tissue protein undergoing destruction, there is an almost equivalent 
increase m the nitrogenous excretion in the urine This is a surprising result 
and not yet explained, but the fact remains that so long as the full energy 
requirements of the body are not met by ingested food, the tissues continue 
to be broken down excessively for energy purposes , tissue protein and fat 
are used in the proportions noted above, and nitrogenous loss continues 

If carbohydrate and fat are added to provide energy, much less food 
protein is necessary to produce nitrogenous balance These substances are 
termed protem-sparers By giving enough carbohydrate to a fastmg person 
it is possible to lower the N excretion to one-third its previous level Similarly, 
the daily N excretion of 16 g on an ordinary diet can be greatly reduced ( e g 
to 3 6 g (p 891)), by giving adequate supplies of carbohydrate and reducing 
the protein consumption The minimum, nitrogenous excretion occurs when 
unlimited amounts of carbohydrate and fat are given to provide the full calorie 
requirements (p 892) But the subject is not in nitrogenous equilibrium , to 
establish nitrogenous balance certain minimum amounts of protein must be 
provided m the food Tins irreducible protein minimum vanes with the kind 
of protein given The relative values probably depend (i) on the amount of 
the essential ammo-acids contained m these proteins, and (n) on the degree 
to which the given protein contains ammo-acids m the same proportions 
as are found in the tissues of the animal in question It is impossible to 
maintain N equilibrium on diets which are deficient m any one (or more) of 


A 

-A— 
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VALINE METHIONINE 

omitted restored omitted restored 

11 11 J 



Fiq 578 — The significance of Essential Amino Acids in the mainten 
ance of Nitrogenous Equilibrium m Man (Redrawn from Rose, 
J biol Chem , 1950, 182, 541 ) 

The subject was on a basal diet, total N content 7 04 g /day, 95% of this N being 
furnished by a known mixture of 10 pure amino acids On tins diet, a fluctuating 
nitrogenous equilibrium is maintained (penod A) Omission of valine (period B) 
or methionine (period D) immediately causes a negative balance to appear ( e g 
total N loss over B=9 g ) Restoration of the missing ammo acid is followed by 
the establishment of a positive balance (penods C and E) 
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the essential avuno-acids (p 881), no matter how much protein is consumed 
(Fig 578) 

100 g protein are usually recommended in the diet, at least some of it 
of animal origin If the right proteins are used nitrogenous equilibrium 
can be maintained on considerably less, but a bigger protein ration allows a 
factor of safety should proteins of lower biological ralue be used, and ensures 
that adequate amounts of the essential ammo-acids which are indispensable 
for bodily welfare will be ingested (cf p 1051) A mixed protein ration drawn 
from various sources provides a similar safeguard (cf Fig 563) 

Nitrogen can only be retained m the body as protein, and then only in 
the following circumstances (l) during growth, (n) after recovery from 
wasting diseases In the case of a healthy, w ell-fed, full} grow n man, increased 
ingestion of protein morel} results in increased nitrogenous excretion (i e 
N-balancc is maintained) , however, some animals (eg the cat) may double 
their muscle bulk on a high protein diet 


TIIE STUDY OF CELL METABOLISM 

The Problems — In the study of the detailed metabolic processes of 
living organisms, three main problems arise 

(1) To identify the usual nutrients and metabolites required by the 
system, be it whole animal or single cell 

(2) To investigate the pathways by which metabolites (or compounds 
foreign to the systems) arc incorporated, utilised and dissimilated by the cells 

(3) To elucidate the function of specific cells, especially in relation to the 
requirements and functions of the whole organism 

The two experimental variables are the organism (or organ, cell, or 
enzyme) and its metabolite (or substrate) we can study either (a) normal 
systems supplied with metabolites unusual m type or quantity, or ( b ) abnormal 
systems supplied with usual metabolites The many different techniques 
based on these variables arc described below, with indications of their 
applicability to the solution of the three mam problems of metabolism 

Experimental Techniques — (i) To identify the mdispensible meta- 
bolites and accessory factors required by a system, an under-feeding technique 
is employed, with a basal diet supplemented as desired (eg investigations 
on essential amino-acids, pp SSI, 903 , vitamins, p 1019) This is usually 
the only approach to Problem 1 

(u) The excreta or tissues of a whole animal are examined chemically for 
possible intermediates and end-products derived from an initial metabolite, A 
Intermediates may be more rendily recognized after the administration of 
unusually large doses of X (the over-feeding technique), eg the feeding of 
large amounts of creatine followed by measurement of the urinary output 
of creatine and creatinine (p 891) Unfortunately, the administration of 
such large doses may cause unusual side-products to appear which may be 
mistaken for the normal intermediates For example, ingestion by a normal 
animal of large amounts of fatty acids causes acetoacetic acid to appear in 
the urine (ketosis), but this does not mean that acetoacetic acid is a normal 
intermediate of fatty acid oxidation (p 871) Suspected intermediates must 
be administered separately to see if they yield the same final products as X, 
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and at comparable rates This technique was formerly a favourite approach 
to Problem 2 but is now usually superseded by (iv) below 

( 111 ) A natural metabolite is replaced m the normal system by a chemically 
modified form, whose intermediate ind final metabolic products can be more 
readily recognized Such modification may involve adding chemical groups 
amenable to analysis, or adding stabilizing groups which arrest complete 
breakdown Por example, the first evidence for the breakdown of fatty acids 
by the stepwise removal of 2C units (p 871) came from the administration 
to dogs of phenyl-substituted fatty acids, C 6 H 5 (CH 2 )„ COOH , acids where 
n was an even number caused an increase m urinary benzoic acid, C 6 H 5 COOH, 
but where n was an odd number there was excretion of phenylaeetic acid, 
C 6 H 5 CH 2 COOH There is, however, serious objection to this technique, 
since even a very minor chemical modification of a metabohte may com- 
pletely alter its fate m the organism, and may cause derangements m related 
metabolic systems 

(iv) The use of isotopes as atomic “ labels ” which can be followed through- 
out their metabohc wanderings has brilliantly overcome the objection to 
chemical modification mentioned in (in), since isotopically labelled metabolites 
are treated m exactly the same way as the usual, unlabelled metabolites 
Further, labelled metabohtes can be administered m amounts so small as to 
cause no change m the systems (contrast (n)) This tracing technique is 
discussed m detail on pp 906-8 

(v) The fate of the usual metabohtes m whole ammals with pathological 
(usually inherited) derangements of metabolism is studied (e g tyrosme m the 
condition of alcaptonuna, p 890) This is a classical use of an abnormal 
system to give information about Problem 2 

Of greater value for biochemical studies than these “ inborn errors of 
metabolism ” are the artificially induced mutations of lower orgamsms 
(bacteria, moulds, etc ) caused by irradiation with X-rays , these mutants 
can be readily isolated and grown, and may show “ blockage ” at one or 
more steps of any of their metabohc sequences , by the tnal-and-error 
feeding of possible intermediates, the site of the block and the sequence of 
the intermediates can be found 

(vi) An animal is surgically treated to remove or by-pass a particular 
organ or tissue, and analyses are made on the blood, urme, etc , of the prepara- 
tion, to obtain information about the metabohc role of that organ or tissue 
(e g hepatectomy or the estabhshment of an Eck’s fistula to show the part 
played by the hver m nitrogenous metabolism (p 886) , pancreatectomy to 
show the influence of insulin on glucose metabolism (p 909) Such abnormal 
systems may also arise through circumstances other than surgical treatment, 
eg a diabetic condition may arise spontaneously, or by dosing with drugs 
(eg alloxan, p 910) A partial answer is thus provided about the role of 
specific cells of the organism (Problem 3), (but see (vn) below) 

(vn) Isolated and perfused organs are maintained under “ physiological ” 
conditions (i e under conditions which may reasonably be expected to obtain 
m the whole, unmolested ammal) and treated with suitable metabohtes 
(e g the use of adrenal glands perfused with steroid solutions to study the 
formation of adrenal corticoids, p 960) This technique calls for considerable 
surgical skill, and is unsuited to micro- or multiple-experiments It has 
been largely replaced by the use of tissue slices, which apparently continue to 

on* 
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function for a limited time m a manner closely resembling the whole tissue 
(e g the synthesis by liver slices of cholesterol from acetate (p 799)) Although 
it is generally assumed (with justification in many cases) that results from 
tissue shoes hold good for the whole tissue under similar conditions, it must 
be emphasised that the metabolism of an isolated organ is not necessarily 
the same as that of the organ m the intact body (consider, for example, the 
difficulties of interpreting the metabolism of a “ normal ” eviscerated prepara- 
tion (p 911) It is uncertain to what extent it is justifiable to equate the 
metabolism of a compound administered from outside the cell with that of 
the same compound produced as an intermediate within the systems of the cell 
(vm) Enzyme sequences are investigated using finely minced tissue 
homogenates, which contain some or all of the enzymes of the original but no 
orgamzed cell structures ( e g investigations on the citric acid cycle using 
liver homogenates to which the usual metabolites are added, p 851) 

Conclusions from the homogenate technique are open to the objection 
that they are like detailed plans of a house drawn up solely from the pattern 
of bricks found after the house has been bombed Nevertheless much of the 
knowledge of individual intracellular enzymes has been gathered m this way , 
in the absence of indications to the contrary it is assumed that the normal 
processes of synthesis and dissimilation that occur within the cells of an 
organism are the same as those processes found in homogenates of those cells 
The Investigations — For any particular nutrient or factor (found by (i), 
and preferably identified), the broad paths of complete metabohsm are first 
mapped out from work with the whole organism (e g the classic work of 
Fohn on urinary products derived from the N and S of administered protein, 
p 890) Then these paths are separated into the sequences and steps of 
“ intermediate metabohsm ” by the techniques outlined above It should 
be the aim to produce an artificial reconstructed system using only pure meta- 
bolite, purified extracted enzymes and appropriate accessory factors, which 
will reproduce m vitro the overall result or particular sequences of it, implying 
a relatively complete knowledge of a possible natural metabolic system 
Thus the entire process of the anserobic dissimilation of glycogen to lactate 
(Fig 556) has been achieved m vitro using purified, cell-free enzymes But 
it must again be stressed that the demonstration of a transformation in a 
particular type of preparation cannot be taken as certain evidence that the 
same transformation occurs with the whole intact organism Evidence 
from one technique should always be confirmed by other techmques with 
inherently different kinds of interference with the normal system 

Isotopes m Metabolism Studies 1 — A chemical element may exist m 
several modifications called isotopes of that element Isotopic atoms of a 
given element differ only in the mass of the atomic nucleus They can be 
detected and distinguished physically, but cannot be distinguished chemically 
Most natural isotopes have stable atomic nuclei ( stable isotopes) and are 
detected by properties dependent on their different atomic masses [eg 
using a mass-spectrometer) , the remaining isotopes have unstable, radio- 
active nuclei ( radio-isotopes ) and can be readily detected and distinguished 
by their emitted radiations 

1 Hevesy, Radioactive Indicators, N Y , 1951 Kamen, Radioactive Tracers in Biology, 
N Y , 1951 , Symposium on Isotopes in Biology and Medicine, Wisconsin, 1948 Sohon 
heimer, Dynamic State of Body Constituents, Harvard, 1942 
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Examples — Natural carbon (in the free state, in atmospheric C0 2 , and m 
all its compounds) consists mainly of atoms of atomic weight 12 (written 
i*0) with a constant small proportion of a stable isotope 13 C , m addition, 
two radio-active isotopes, U C 1 and 14 0 , with differing types of radiation and 
different half-lives (i e the time for the radio-activity to decay to half-strength), 
can be prepared artificially Hydiogen, as normally found m water and all 
organic compounds, consists of 99 98% 1 H and 0 02% of stable 2 H (also called 
deuterium, D) , a radio-active 3 H (tritium, T) can be prepared artificially 
Radio-isotopes are now readily available following the discovery of the 
chain-reacting atomic pile, which can produce almost limitless supplies of 
HQ ■ f 32p ^ 3534 5 i3ij - anc j m any other radio-isotopes of the biological elements 
Stable isotopes must be obtained by physical separation from natural materials, 
and large-scale plant is being developed for the supply of deuterium, 13 C, 
15 N, and 18 0 

Principles of Tracer Technique — Since isotopic atoms cannot be 
distinguished chemically, it is reasonable to suppose that the metabohc 
pathways of compounds differing only m their isotopic composition are 
identical Isotopes aie used as a recognizable “ label ” or “ tag ” for an 
element, ion, atomic grouping, or whole molecule These labelled atoms are 
always identifiable m a normal atomic environment until they are diluted 
below the sensitivity of detecting instruments Thus abnormal isotopic 
composition can be used to trace the chemical history of an element, usually 
incorporated in a compound Certain assumptions are made in using isotopic 
tracers (a) That isotopic atoms or compounds containing them are 
biologically, as well as chemically, indistinguishable This is only partly true, 
since their different physical properties (solubilities, diffusion rates, etc ) will 
influence the rates of their metabohc reactions However, no qualitative 
differences are found (6) That the radiation from radio-isotopes does not 
itself alter the metabolic systems Provided only a “ tracer ” dose of isotope 
is used, no significant effects are found In tracer experiments, no derange- 
ment whatever need arise m the normal metabohc systems Admittedly the 
systems are supplied with an unusual metabolite but (with the two assump- 
tions mentioned above) the differences are such as cannot divert the normal 
mechanisms (contrast techniques (n) and (ui) on p 901-5) The amount of 
radio-isotope administered is infinitesimal, though it may be incorporated m 
a larger amount of ordinary material as carrier 

Experimental Procedures — If the metabolism of an orgamc compound 
is to be studied, it must first be synthesized (chemically or biologically) from 
simple, isotopically enriched inorganic material, incorporating the isotope 
at a known, stable position of the molecular structure (e g 3B S^-labelled 
methionine (p 882) prepared chemically from 35 S 1 '0 4 " , 14 C” < -labelled glucose 
(p 912) extracted from plants grown in 14 C"0 2 ) The choice of isotope is 
governed by the atom to be labelled (there are no suitable radio-isotopes of 
N or 0) , the duration of the experiment compared with the half-life of the 
(radio)-isotope , radiation hazards , the dilution of isotope involved m the 
experiment (it must not be more than about 10 3 with stable isotopes, but can 
be up to 10° with radio-isotopes) The simultaneous use of distinguishable 
isotopes of the same element, or of two labelled atoms m the same compound 
gives fuller information {eg the study of multi-labelled glycme with the 
composition 15 NH 2 13 CH, 14 C 'OOH, p 880) 
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The labelled compound is then introduced into the system to be studied 
Its isotope-containing intermediate and final metabolic products are readily 
detected and identified, and the position and amount of their labelled atoms 
can be determined to show their exact relationship to the original metabohte 
In addition to their use m the study of chemical pathways and reactions, 
labelled atoms and compounds can be used m the following types of 
investigations 

( 1 ) To follow the physical pathways, points of accumulation, and rates of 
absorption of ions, elements, and compounds (e g ionic transfer in cells, p 7 , 
absorption of iron, p 209 , accumulation of iodide m the thyroid (p 973)) 
(n) To determine volumes and specific compounds by a dilution technique, 
based on homogeneous mixing with chemically identical non-isotopic material 
(e g red cell volume, p 10 , body fluid spaces, p 11) 

(in) To identify and isolate compounds on a microscale ( earner technique) 
Results of Isotopic Tracer Studies — Many of the details of the 
metabolism of carbohydrates, fats and proteins described in this book have 
been obtained, or positively confirmed, by isotopic tracer techmques The 
following are important examples breakdown and synthesis of fatty acids 
(pp 870, 873) , rate of tissue dissimilation of glucose (p 912) , transforma- 
tions of sulphur-containing ammo-acids (p 882) , transmethylation reactions 
(p 883) , urea synthesis (p 887) 

In recent years, three new concepts of metabolic processes have been 
formulated, and it is difficult to see how these concepts could have developed 
before the advent of isotopic tracers 

(a) The majority of the components of a living system are m a state of 
dynamic equilibrium , in a state of balance between breakdown and resynthesis 
(e g protein turnover, p 879 , ionic transport, p 7) 

(b) The products derived from tissue breakdown are chemically and 
metabolically indistinguishable from many of the materials obtained directly 
from the external environment, and the classical distinction between endogen- 
ous (tissue) and exogenous (food) metabolism disappears (p 890) Materials 
from both sources are equally available, and constitute general or specific 
pools of small molecules representing the magmtude of this availability 
(e g final common metabolic pathway, p 853 , ammo-acid pool, p 880 , 
uric acid pool, p 898) 

(c) The complex materials of a living system are built from the small, 
specific precursor molecules of the metabolic pools ( e g purines from glycme, 
p 897 , cholesterol from acetate, p 799 , adrenaline from tyrosine and 
methionine, p 729 , creatine from glycine, arginine, and methionine, p 893) 

Radio-isotopes are also used therapeutically 1 as sources of radiation 
which will be localized within the body (e g 131 I !: for the treatment of thyro- 
toxicosis, p 997 , 32 P u for polycythemia, p 168) 

1 Low-Beer, Clinical Uses of Radioactive Isotopes, Illinois, 1950 Roberts, Archives 
Middlesex Hospital, 1951, 1, 219 



IX 


THE DUCTLESS GLANDS REGULATING METABOLISM 1 

The ductless glands to be considered m this section are 
'-'(l) Islets of Langerhans 

v. (2) Anterior Pituitary the hormones concerned with growth 
and metabolism (The hormones regulating reproductive activities 
are discussed on p 1083, 1113 The posterior pituitary (neuro- 
hypophysis) is dealt with on p 41) 

(3) Adrenal Cortex 
v (4) Thyroid 

(5) Parathyroid 

(6) Thymus very httle is known about the thymus and it is discussed 

here for convenience 


ISLETS OE LANGERHANS INSULIN DIABETES MELLITUS 2 3 

Islets of Langerhans 3 — Scattered between the ordinary alveoli of the 
pancreas are small clumps of epithehal cells which are free from ducts, and 
are supplied by large convoluted capillary vessels (Fig 579) These islets 
of Langerhans contain two kinds of cells distinguishable by the character 
of their granules, which can be demonstrated by mtravitam staining with 
neutral red a granules which are fixed m alcoholic solution , ft granules 
which are fixed m watery solutions The nerve supply of the islets is from? 
the vagus (p 917) 

The islets (probably the ft cells) segrete the hormone insulin, The evidence 
is as follows 

(l) Excision of the -pancreas causes a severe and rapidly fatal condition 
closely resembling the disease diabetes melhtus which occurs m man The 
operation can be carried out in two stages (a) the greater part of the gland 
is removed and a part of the tail is transplanted under the skin No glycosuria 
develops, and rapid recovery occurs (as the pancreatic remnant can form 
enough insulin to maintain health) (6) The transplant is removed later by 
a simple skin incision In a few hours the urine contains 5-10% of glucose, 
and the animal usually dies m coma within three weeks 

(n) If the pancreatic ducts are ligated or blocked, the externally secreting 
tissue disappears, and the pancreas is converted into a thin strip of connective 
tissue which still contains the islets Carbohydrate metabolism at this 

1 Selye, Text Bool of Endocrinology, Acta Endocnnologica, Montreal, 2nd end 1950 
Pmcus and Tkunann, The Hormones, N Y , vol 1, 1948 , vol 2, 1950 

~ Soskm and Levine, Carbohydrate Metabolism, Chicago, 1946 Peters and Van Slyke, 
Quantitative Clinical Chemistry, Interpretations, vol 1, pt l, 2nd edn , 1946 Himsvrorth, 
Lancet, 1939, n, 1 et seq 

3 Gomon, Bull N Y Acad Med 1945, 21, 99 
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stage is normal Removal of this strip, however, leads to the development 
of intense diabetes melhtus 

(ni) The administration of alloxan 1 to animals specifically poisons and 
destroys the /5 cells of the islets of Langerhans and produces symptoms of 
diabetes melhtus 

(iv) The active principle insulin can be extracted from the pancreas 
and also from pure islet tissue 

(v) In clinical diabetes melhtus, lesions of the p cells of the islets are 
sometimes found, but not regularly The significance of these results is 
considered on p 918 

Function of a Cells 2 3 — Their function is unknown A blood glucose raising 


Interlobular 

connective 

tissue 







Interlobular 

duct 



J ancreatic 

acinus 


Islet of 
Langerhans 


Fio 579 — Structure of Human Pancreas showing Contrast between Islet of 
Langerhans and surrounding Acinous lissue (x470) (Maximcm and 
Bloom, Text Bool of Histology, W B Saunders A Co ) 


substance, which is alleged to be derived from the a cells, has been extracted 
from the pancreas This so-called hjjicrcjhjcoemia agent is found m minute 
amounts associated with insulin preparations” ""Tlie physiological role, if any, 
of this agent, requires further study (cf p 918, footnote 1) 

Insulin 3 — Insulin, the internal secretion of the islets, is a soluble protein, 
with a molecular weight m solution of 48,000 , it has been isolated m pure 
crystalline form and considerable progress has been made wuth determining 
the arrangement of the ammo-acids along the peptide chains It is destroyed 
by proteolytic enzymes in the bowe l and therefore has always to be 
administered pafenteralljq usually by subcutaneous injection Like all the 
hormones which regulate metabolism, insulin probably acts on certain of the 
tissue enzymes which influence chemical transformations 

Action of Insulin — Glucose diffuses readily through the capillary 

1 Lukens, Physiol Rev , 1948, 2S, 304 

2 Bruch, Arch ml Med , 1950, 86, 427 Pincus, J chn Bndocnn , 1950, 10, 556 

3 Jensen, in The Hormones, N Y , 1948, 1, 301 
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endotheha and cell membranes and is thus distributed fairly uniformly 
throughout the body fluids, both extracellular (including the blood) and 
intracellular It should be emphasized that the blood glucose level is an 
approximate guide to the concentration of glucose in the body fluids The 
total body-fluid glucose content obviously depends on the rate at which 
glucose enters and leaves these fluids Insulin decreases the glucose con - 
centration in the body fluids (and thus lowers the blood glucose level) because n 
(i) it increases tUe withdrawal of glucose from these fluids, and (n) it decreases JJ 
the rate of addition of glucose to these fluids 

(1) Ins ulin increases the withdrawal of glucose from the body fluids in 
three ways 

( 1 ) It increases the deposition of glycogen m the hver and in the muscles 
(and perhaps also m other tissues) 

(n) It increases the rate of complete dissimilation (oxidation) of glucose 
to C0 2 m the tissues 

(m) It increases the rate of conversion of glucose m the liver into fatty 
acids It also facihtates the deposition of fat (lipogenesis) m adipose tissue 
from glucose 

(2) It decreases the rate of addition of glucose to the body fluids m two ways 
(i) It depresses neoglucogenesis (new glucose formation from the non- 

mtrogenous residues of ammo-acids ) 

(u) It may perhaps depress the rate of conversion of hver glycogen into 
glucose 

Methods of Study — The action of insulin can be studied on many 
preparations and m many ways 

(i) In the whole animal, either normal or depancreatized or subjected to 
other operative procedures 

(u) In the eviscerate preparation By evisceration is meant removal of 
the hver, kidneys and intestine , under these conditions there is no absorption 
of monosaccharides from the intestine and none can be lost m the urme 
The hver, which is the prime regulator of the blood glucose level is excluded 
(If the brain is removed as well, convulsions due to hypoglycsemia (p 915) 
are prevented) The preparation thus consists essentially of a circulation, 
artificially ventilated lungs, and muscles If the pancreas is left intact, the 
preparation is called (by an illuminating convention) “ normal ” , if the 
pancreas also is removed, the preparation is described as depancreatized or 
“ diabetic ” 

Soskm has used this preparation to determine the rate of what he calls 
glucose “ utilization ”, % e the amount of glucose which is withdrawn from 
the body fluids and either completely dissimilated (oxidized) to CO, or trans- 
formed into other substances, but excluding the glucose which is converted 
into glycogen, other hexoses or lactic acid 

(m) On perfused isolated organs and tissue shces 

The use of isotopically labelled substances m any of the above preparations 
greatly simplifies the interpretation of the results 

Some of the actions of msulm are considered below m greater detail 
1 Effect of Insulin on Rate of Glycogen Deposition — (1) Glycogen 
can be formed from glucose by isolated tissues (e g muscle m vitro) m the 
absence of msukn if the appropriate enzyme systems are present The rate 
of glycogen formation increases as the concentration of glucose m the medium 
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is increased Thus Fig 580, lower curve (insulin absent), shows that when 
the glucose concentration m the medium was increased from 100 to 400 mg-% 
the amount of glycogen formed by the muscle rose from 150 to 350 mg /100 g 
Similarly m the intact ammal, the rate of glycogen deposition in the muscles 
and in the liver is directly related to the blood glucose level 

(2) In vitro, the addition of insulin to the medium increases the rate of 

glycogen deposition, particularly when the glucose concentration in the 
medium is within physiological limits A comparison of the lower and upper 
curves m Fig 580 shows that when the glucose concentration in the medium 
was 100 mg-% the a ddition of insulin i ncreased the rate of glycogen deposition 
a bout three fold ~~ J ' 

(3) Similar results are obtained m vivo, eg in eviscerate preparations both 
depancreatized and “ normal ” 

2 Effect of Insulin on Rate of Glucose Dissimilation and “ Utiliza- 
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Fig 580 — Influence of Glucose Concentration 
on Deposition of Glycogen m Muscle (rat 
diaphragm) tn vitro, m the Presence or 
Absence of Added Insulin (SosLrn el al , 
Proc Soc exp Biol Med , 1941, 46, 390 ) 



tion” 1 — (1) Studies of 
Glucose “ Utilization ” — 
The rate of glucose “ utiliza- 
tion ” (in Soskin’s sense, p 911) 
is directly related to the blood 
glucose le^el In the “ normal ” 
eviscerate preparation an in- 
crease in the blood glucose 
level (within certain limits) 
increases the rate of glucose 
“ utilization ” In the depan- 
creatized preparation a similar 
relationship holds good, but 
the rate of glucose “utilization” 
at any given blood glucose 
level is considerably lower than 
in the “ normal ” preparation 
These findings are illustrated 
by the two curves m Fig 581 


Thus at a blood glucose level of 100 mg-% the “ normal ” preparation 
“ utilized ” 250mg kg hour compared with only 100 mg m the depan- 
creatized preparation These observations show that insulin increases the 
“ utilization ” of glucose by the tissues 

(2) Studies of Glucose Dissimilation 2 — Glucose containing 14 C H ‘ is 
injected into an ammal, and the 14 C v concentration m the blood glucose and 
m the CO 2 of the expired air is determined From these data and the volume 
of total body water the amount of glucose which has been completely dis- 
similated (oxidized) to C0 2 m a given time can be determined Such studies 
prove that glucose can still be completely dissimilated m the absence of insulin 
The depressant effect of insulin lack on the rate of glucose dissimilation varies 
with the species Thus m the rat made diabetic with phlondzm the rate of 
glucose utilization is 85% of the normal In the completely depancreatized 
dog, however, the rate falls to 40% of normal It should be remembered that 


1 When “ utilization ” is written thus (in inverted commas) it is being used in Soskin’s 


sense 

s Chaikoff et al , J biol Ghent , 1950, 187, 571 , 


1951, 188, 865 
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these diabetic animals are markedly hyperglycsemic and that their high blood 
glucose level compensates m part for the absence of insulin, by directly 
increasing the rate of glucose dissimilation The injection of insulin into these 
animals increased the rate of glucose dissimilation m spite of the fact that the 
blood glucose level was simultaneously reduced The effect of insulin lack 
and of the blood glucose level on the rate of glucose dissimilation m man has 
not yet been examined by tracer methods 

3 Studies oe Conversion op Glucose to Fatty Acids in the Liver — 
Studies on hver slices using tracer methods ( 14 C* glucose) have shown that m 
normal animals on a high carbohydrate diet the hver rapidly converts glucose 
into long chain fatty acids, m the mam acids containing 16 or 18 carbon atoms 
If insulin is added to the medium the rate of this conversion is further 
increased If hver shoes from diabetic animals are used, it is found that 
(owing to the absence of 
contained insulin), glucose 
can no longer be converted 
into fatty acids 

4 Studies on Lipo- 
genesis — In the diabetic, 
the deposition of fat (in 
adipose tissue) from dietary 
glucose is depressed Thus 
m the normal rat on a daily 
glucose intake of 15 g , 5 g 
was converted daily into fat , 
in the diabetic rat the 
amount of glucose converted 
into fat was reduced to one- 
twentieth of normal 1 If 
insulin is injected directly 
into adipose tissue the local 
deposition of fat is increased 

5 Studies on Neoglucogenesis — The evidence that insulin inhibits 
hepatic neoglucogenesis is given on pp 857 et seq ,914, 920 

Relation of Insulin to Tissue Enzyme Systems and to other 
Hormones — Before glucose can “ enter the metabohc machinery of the 
cell ” it must first be phosphorylated by ATP (adenosine triphosphate) m 
the presence of the enzyme hexokinase to form glucose-6-phosphate , 
subsequently the hexose is either built up into glycogen or dissmnlated 
(p 844) In the absence of msuhn the initial phosphorylation reaction does 
not proceed at the normal rate Several attempts have been made to explain 
how insuhn promotes the phosphorylation of glucose 

(i) According to Cori, insulin acts indirectly on the enzyme hexokinase 
He concludes from experiments on tissue extracts that hexokinase is directly 
inhibited by anterior pituitary and adrenal cortex hormones which thus 
depress the rate of glucose uptake by the cells Insulin (according to Con) 
has no direct action on hexokinase but it annuls the inhibitory action of the 
other hormones , it thus releases hexokinase which can accelerate the 
phosphorylation of glucose 

1 Stetten, Recent Progress Hormone Research, 1949, 4, 189 



Fig 581 — Relationship between Blood Sugar 
Level and Rate of Glucose “ Utilization ” m 
Eviscerate Preparations m “ Normal ” and 
Depancreatized Dogs (Soskin and Levine, 
Amer J Physiol , 1937, 120, 761 ) 
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(n) But studies on purified hexokmase preparations using pure anterior 
pituitary hormones, pure adrenal corticoids, and insulin have not confirmed 
Con’s observations which were made on cruder materials There is thus no 
decisive evidence at present that any of these hormones influence the hexo- 
kmase system It is probable that these hormones act on the complex 
enzyme systems which control the reaction 

Free Glucose — > Hexose phosphate 

but the piecisc enzyme which they act on is as yet undetermined Insulin 
promotes tins reaction , the anterior pituitary and adrenal cortex hormones 
blocl it In the normal animal the actions of insulin and its antagonists are 
correctly balanced An excess or a deficit of either group of hormones disturbs 
the rate at which the phosphorylation of glucose proceeds Thus lack of 
insulin decreases the rate of glucose uptake by the cells , excess of insulin 
has the reverse effect Excess of anterior pituitary or adrenal cortex 
hormones has the same effect as lacL of insulin 

(in) Insulin produces its characteristic effects m the hypophysectomized 
or adrenalectomized animal , m fact under these conditions insulin sensitivity 
is markedly enhanced (p 926) These observations demonstrate that ins ulin 
does not act solely by modifying the action of other hormones 

(iv) Insulin influences other reactions besides the phosphorylation of 
glucose its detailed mode of action is unknown Thus, as already stated, 
it inhibits hepatic neoglucogenesis and promotes lipogenesis The former 
action is antagonized by anterior pituitary and adrenal cortex hormones 
Action of Insulin in the Intact Animal or Man — (1) Hypoglycemia 
— A s a normal animal is not m need of extra insulin the result of the insulin 
injection is a pathological Iii/pennsulmoemia The outstanding effect of 
insulin is to reduce the glucose content of the body fluids , there is conse- 
quently a rapid fall of the blood glucose ( hypoglyccemia ) The symptoms 
of hypoglycaemia are almost entirely referable to changes m the central 
nervous system, because circulating blood glucose is the sole source of energy 
of the brain , a fall of blood glucose deianges cerebral activity Hypo- 
glyciemia is a haimful and dangerous state , the body reacts to it m a manner 
which tends to restore the blood glucose level to normal The effects of insulin 
injection m the normal animal are therefore the algebraic sum of (l) the 
direct action of insulin and (n) the compensatory reactions which occur to 
overcome the hypoglycsemia 

(2) Causes of Insulin Hypoglycemia — The fall of blood sugar is 
due (i) to increased withdrawal of glucose from the body fluids to form 
glycogen, fatty acids, and fat, and (u) to decreased flow of glucose into the 
body fluids In the normal animal when there is a simple withdrawal of 
glucose from the body fluids, eg m exercise, no significant hypoglycemia 
occuis even m the fasting state because a compensatory increased inflow 
of glucose takes place The liver is the site of this reaction it converts 
glycogen stores into blood glucose and forms new glucose from ammo-acid 
residues Insulin inhibits these reactions of the liver and so the hypoglycaemia 
is initially progressive 

(3) Recovery from the Hypoglycemia —In the intact animal the 
hypoglycaemia sets up a senes of complex reactions which gradually restore 
the blood glucose level to normal The mam reactions are as follows 

(l) The hypothalamus is stimulated causing increased secretion ot 
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hormones wlucla antagonize tlie action of insulin on the liver and tissues , 
there is evidence for example that the secretion of ACTS is increased which in 
turn leads to a discharge of adrenal corticoids 

( 11 ) There is increased sympathetic activity and increased secretion of 
adrenaline , conversion of liver glycogen to glucose is thus accelerated 

As the concentration of insulin decreases and that of its antagonists 
increases the withdrawal of glucose from the body fluids falls and the inflow 
of new glucose rises , ultimately the normal blood glucose level is restored 
The importance of the role of liver m the compensatory reactions can easily 
be demonstrated In the liverless animal, the blood glucose is lowered by 
msuhn but never recovets , if insulin is injected into an animal in which the 
liver has been partially extirpated or damaged, recovery of the blood glucose 
is delayed and is not complete (Pig 582) 



am pm am pm 

Pig 582 — Action of Insulin on Blood Glucose before and after Partial Hepatectomj in 
the Dog (After Mann ei al , Amcr J Physiol , 1923, Go, 416 ) 

Ordinate Blood glucose m mg /100c c 
Abscissa Time in hours 

-\ormnl ether was given to mate conditions comparable with those m the operated animal Blood glucose 
rises At arrow , inject insulin (0 1G unit/hg ) Note rapid f ill and rapid rccov erv of tho Mood glucose 
Partial Repatcctomy give ether and remove 75% of the liver tissue Repeat insulin Injection There 
is the same fall of blood glucose but rccov erj is slow and incomplete 


(4) Symptoms op Hypoglyc.rmia in Man — As explained above the 
principal manifestations of clinical hypoglycamna are cerebral in origin 
(i) There is a feeling of extreme hunger and a great sense of fatigue , 
walking becomes difficult The patient may become anxious, worried, 
excitable, or behave as if he were intoxicated with alcohol or demented 
(n) Tremulousness develops, and fine movements cannot be carried out 
(m) Vasomotor disturbances of cerebral origin occur, eg flushing and 
profuse perspiration which may soak the bedclothes, or pallor and a sense of 
chilliness The latter symptoms may be due to the compensatory secretion 
of adrenaline which occurs 

(iv) Later, there are graver mental disturbances, delirium, and convul- 
sions 1 , coma then develops with loss of the deep reflexes 

1 Insulin bypoglj ctsmin is sometimes deliberatelv produced m patients with schtzo 
pnrenta m order to produce convulsions which are alleged to improve the clinical state 
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The first symptoms may set in at a blood glucose level of 75 mg-%, or not 
till a much lower level, e g 30 mg-% is reached In chrome diabetics with 
high blood glucose, symptoms may occur when the hyperglycemia is suddenly 
reduced though the blood glucose level is still above normal, eg at a level 
as high as 150 mg-% 1 

(5) Relief of Hypoglycxmia — The symptoms of hypoglycemia are 
relieved by the administration of glucose The other hexose monosaccharides, 
eg mannose or fructose (laevulose), are relatively ineffective Adrenaline 
helps by mobilizing the liver glycogen , tins action on the liver is, however, 
more marked m a well-fed animal than m a starved or diabetic subject, in 
whom the glycogen stores of the liver are low 

Clinical Hyperinsulmism — Tins condition usually occurs m associa- 
tion with hyperfunctioning tumours of the islets of the pancreas The 
symptoms are those of typical hypoglyecemia , m one case 2 the patient first 



TIME IN HOURS 

Fig 583 — Relation of Pancreas to Blood Glucose Regulation 
Blood glucose cun cs in dogs 


(ri) Pancrcatcctomj (progress^ e rise of blood glucose) 

(6) Pancreatectomj combined with simultaneous pancreatic grift (normal blood glucose) 

(c) l’reuous pancreatectomy leading to rise of blood glucose pancreatic graft (at 0) restores 
raised blood glucose to normal (Houssay, Amcr J med Set , 1937, 193 ) 


complained of weariness and confusion, and ultimately collapsed towards 
the end of each day , he said that he felt better after food As the disease 
progressed, symptoms developed three hours after meals when the blood 
glucose was 55 mg-% , four hours after food, perspiration, muscular twitching, 
and incoherent speech were noted when the blood glucose was 36 mg-% , when 
it fell to 27 mg-%, stupor set m, but ten minutes after administering glucose, 
recovery was well established At operation a pancreatic tumour was found 
(which could not be removed), consisting of cells resembling islet tissue, and 
a secondary deposit of similar appearance was seen m the liver After the 
operation the condition became worse, and no less than 1000 g of carbo- 
hydrate had to be given daily to ward off hypoglyccemic manifestations 
Control of Insulin Secretion 3 — (1) Insulin is continuously secreted in 
the normal animal This is demonstrated by the effects of pancreatectomy , 
after this operation the blood glucose commences to rise within 2-4 hours 

1 The insulin test of gastric secretory activity is discussed on p 785 (cf Figs 515, 517) 

* Wilder et al , J Amcr med Assoc , 1927, 89, 348 
» MacLeod, Lancet, 1930, u, 512 
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(Fig 583, a), continues to rise for 1-2 days, and then becomes steady at the 
new high level 

(2) Insulin secretion can occur m the absence of the pancreatic nerve 
supply Thus a successful pancreatic graft (attached to the circulation 
of the neck of the recipient via the jugular vein and carotid artery) prevents 
the onset of hyperglycemia if introduced immediately after pancreatectomy , 
it restores the blood glucose to normal m an operated animal with fully 
developed diabetic synlptoms (Fig 583, b, c ) , such a graft is, of course, 
completely denervated Fundamentally, then, the regulation of carbohydrate 
metabolism is not dependent on the integrity of the nerve supply to the islets 

(3) The rate of msuhn secretion is regulated by the concentration of glucose 

in the arterial blood reaching the 
pancreas This, too, can be well 
demonstrated on a pancreatic 
graft If a 2 5% solution of 1 1 0 
glucose is injected into its artery, “ 
there is a transient fall m the y 100 
general blood glucose level, 8 

indicative of an increased out- § gg 

pouring of msuhn by the islet a 
cells (Fig 584) § 

(4) The islets, however, re- “ ou 

ceive a rich innervation from the 
vagi which may constitute a 70 

“ fine adjustment ” of secretion 
of insulin Stimulation of the 
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vagi is said to lower the blood Fig 584 — Regulation of Insulin Secretion 

glucose owing to an outpouring Blood glucose curves in pancreatectonuzed dogs with 

i n i , 1 ° functioning pancreatic craft Dunne the period 

01 insulin bross-circulation ex- marked INJECTION, fluids were injected as follows 

penments indicate that changes («) 25 % sjucose int0 J u G ul3r ' cm ( b!ood e> uco = e un 

,, , , , , , p. changed) 

1U tile DlOOd glucose act on the ( b ) Locke s solution into pancreatic arterj (blood glucose 

Central nervous system (hypo- 2 5%'glucose into artery supplying pancreatic graft 

thalamus, pons and medulla) and Note marked fall of blood glucose which Is evidence 

j r x , , ' of msuhn secretion (Houssav , Avur J med Sc i , 

modify msulm secretion appro- 1937 , m > 
priately via the vagi (cf p 785) 

After section of the vagi, the blood glucose level is maintained within 
normal limits, but the glucose tolerance curve declines more slowly than 
normal Though the islets are thus partly under nervous control, their 
secretory activity is mainly regulated by the level of the blood glucose 

(5) The action of anterior pituitary extracts and thyroid on the islets is 
considered below, p 918 

« Experimental Diabetes Mellitus — Diabetes melbtus must be regarded 


Blood glucose curves in pancreatectonuzed doga with 
functioning pancreatic graft During the period 
marked injection, fluids were injected as follows 

(a) 2 5% glucose Into jugular vcm (blood glucose un 
changed) 

(b) Locke s solution into pancreatic arterj (blood glucose 
unchanged) 

(e) 2 5% glucose into artery supplying pancreatic graft 
Vote marked fall of blood glucose which is evidence 
of insulin secretion (Houssav , Amtr J med Sex , 
1937, 193 ) 


not as a disease but as a syndrome (tea distinctive group of symptoms and 
signs), the only indispensable constituents of which are persistent hyper - 
glyccemia and g ly c o suria 

Diabetes mellitus as thus defined can be experimentally produced m a 
number of ways 

(1) By Pancreatectomy m ammals (p 909) or man Recently the 
pancreas has been completely removed in man m cases of malignant disease 
of the gland These patients reveal for the first time the effects of 
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uncomplicated deficiency of insulin m the human subject The findings 
closely resemble those found m experimental pancreatectomy or m clinical 
cases of diabetes mellitus, but the amount of insulin required to maintain a 
normal blood glucose level is moderate, i e 25-40 units per day on a diet of 
250 g of carbohydrate, 100 g of protein, and 100 g of fat 1 

(2) Thyroid and Hypophyseal Diabetes —Administration of dry 
thyroid or injection of diabetogenic anterior pituitary extracts induces 
hyperglyccomia and glycosuria for as long as the treatment is kept up but 
for no longer These hormones antagonize the action of insulin 

(3) Metahypophyseal Diabeies —Certain crude anterior pituitary 
extracts are injected daily, the dose being increased every few days Such 
treatment continued for a few weeks produces m the dog a diabetic state 
which persists indefinitely although the pituitary injections are discontinued 
The only discoverable lesion is m the islets, which show pathological changes 
of varying degrees of severity ranging from depletion of the ft cells to complete 
disappearance of the islets and their replacement by hyaline tissue These 
animals differ from depancreatized dogs m several respects , m particular 
they can survive for long penods without insulin treatment It is thought 
that the pituitary extracts first stimulate the islet cells (perhaps by producing 
hyperglycamna) and then exhaust and finally destroy them, producing msuhn 
lack The experiments suggest the possibility that clinically, temporary 
pituitary disorder may produce a permanent islet lesion and consequently 
lasting diabetes 

(4) Metathyroid Diabetes — Prolonged thyroid treatment likewise 
damages the islets (again perhaps because of the hyperglycamna induced), 
but the injury is less severe than that induced by anterior pituitary extracts 
or by alloxan Thyroid treatment mil thus only induce a permanent diabetic 
state, i e one which outlasts its administration, if most of the pancreas is 
previously removed The annual is then left without a reserve of islet tissue , 
if the remaining islet tissue is now mjuied by thyroid administration, a 
persistent insulin deficiency and diabetes result 

(5) Alloxan poisoning (p 910) 

(6) High Carbohydrate Diet — It is claimed that ingestion of large 
amounts of carbohydrate over long periods may initially stimulate and 
finally exhaust and damage the islets 

« Chnical Diabetes Mellitus 2 — In the past, owing to the similarity 
between the metabolic changes m human diabetes melhtus and m the 
pancreatectomized animal it was generally supposed that the clinical con- 
dition was always due to a pancreatic lesion Post-mortem examination of 
the pancreas gives only partial support to this view Gross macroscopic 
changes in the pancreas are rare , oedema of the P cells of the islets has been 
demonstrated on microscopic examination a few hours after death, and 
regarded as evidence of deficient insulin secretion Often, however, no lesions 
can be found m the islets Soskm has said that clinical diabetes melhtus is a 

1 These results show that in man after pancreatectomy tho msuhn requuements are 
less than in some cases of chnical diabetes melhtus It was pointed out on p 910 that 
recently a blood glucose raising factor (called “ hyperglycemic factor”) has been isolated 
from impuro msuhn and from the islets These findings suggest the possibility that the 
hyperglycaamia in pancreatio disease may sometimes be due not only to msuhn lack but 
also to excess of a blood glucose raising factor of pancreatic ongin 

2 Himsworth, Lancet, 1949, i, 465 
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disease of unknown etiology, thus emphasising our ignorance of the causal 
agent or of the site of the anatomical lesion m many cases , but whatever 
the site of the lesion in chnical cases the functional result is always to produce 
a metabolic disturbance similar to that caused by insulin lacl This view is 
confirmed by the finding that injection of insulin ameliorates the metabolic 
and chnical state in almost every case of clinical diabetes mellitus, whatever 
the cause may have been 

Clinically the diabetic syndrome may be due to 

(I) Pancreatic islet deficiency unless there is evidence to the contrary, 
chnical cases of diabetes mellitus are always attributed (perhaps wrongly) 
to insulin lack The clinician 

likes to restrict the term “ dia- 
betes mellitus ” to this class of 
case 

(II) Hyperpituitarism eg in 
acromegaly (p 941), or Cushing’s 
syndrome (p 965) 

(in) Hyperthyroidism, i e in 
Graves’ disease (p 991) 

>^(iv) Increased secretion of 
adrenal cortex hormones (cortico- 
metabolic syndrome (p 967)) 

Metabolism in Diabetes 
Mellitus (Experimental and 
Clinical) — 1 Changes in 
Carbohydrate Metabolism — 

The changes described below can 
be readily deduced from the 
known actions of insulin 

(1) Glycogen Formation — 

This is depressed in the liver and 
muscles 

(1) The resting liver glycogen 
level is low 

(n) The resting skeletal 
muscle glycogen level is likewise 
diminished In the normal animal the decrease m muscle glycogen content 
which occurs after tetanic stimulation is made good rapidly and completely , 
after pancreatectomy the restoration of the exhausted muscle glycogen is 
very much delayed 

(2) Carbohydrate “ Utilization ” and Dissimilation by the Tissues 
— There has been much discussion about this matter , at different times it 
has been argued that after pancreatectomy carbohydrate “ utilization ” 
or dissimilation is abolished, or is impaired, or is unaffected 

(i) It is certain that carbohydrate “ utilization ” is not abolished This 
is proved by the studies on the eviscerate depancreatized preparation 
described on p 911 Again, if the liver is removed m a normal animal the 
blood glucose falls , the rate of fall is a rough measure of the rate of carbo- 
hydrate “ utilization ” bv the tissues If the liver is removed in a dcpan- 
crcatizcd ammal, the blood glucose (which is initially abnormally Ingh) likewise 



Fig 


585 — Effect of Removal of Liver on Blood 
Glucose in Normal and Depancreatized 
Animal (Mann and Magath, Arch mi 
Med , 1923, 31, 797 ) 
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falls rapidly (Fig 585), proving that glucose “ utilization ” is continuing on a 
considerable scale r 

( 11 ) The rate of glucose dissimilation to C0 2 has been directly determined 
m diabetic animals using tracer methods In the dog (which m its metabohc 
behaviour closely resembles man), the rate of glucose dissimilation as already 
noted is reduced by pancreatectomy to 40% of normal Administration of 
insulin restores the rate of dissimilation to normal 

(3) Transformation of Glucose to Fatty Acids and Fat — The 
conversion of glucose to long chain fatty acids m the hver and of glucose 
to fat in adipose tissue almost ceases It had been supposed at one time 
that m the diabetic, fat is converted on a considerable scale into blood 
glucose , this is not the case What happens is that dietary glucose which 
would normally have been removed and stored as fat now remains in the 
body fluids and thus raises the blood glucose level 1 

(4) Hyperglycemia Role of Neoglucogenesis — The blood glucose 
level is abnormally high, e g 200 mg-% or over, even in the fasting state 
The hyperglycaemia is due to (i) decreased withdrawal of glucose from the 
body fluids (see (l)-(3) above) and (n) to ill-regulated activity of the liver 
with respect to neoglucogenesis The fundamental importance of the hver 
is shown by the fact that removal of the hver m the depancreatized animal 
produces fatal hypoglycsemia In the fasting normal animal the hver manu- 
factures new glucose from amino-acids (formed by the hydrolysis of protein) 
and secretes it into the blood in amounts sufficient to maintain the normal 
blood glucose level In the diabetic state on the other hand the hver manu- 
factures and secretes unnecessary “ new ” glucose into the blood and thus 
aggravates the hyperglycsemia It is uncertain whether the absolute amount 
of glucose formed by the liver is greater than in the normal animal , but 
whatever the amount it is obviously more than is needed As much of the 
blood glucose is excreted in the urine there is a considerable loss of energy 
In the fasting diabetic the “ new ” glucose, which is wastefully made by the 
hver comes from tissue protein reserves , marked loss of body weight therefore 
occurs 

(5) Respiratory Quotient — The respiratory quotient is lowered m the 
diabetic from the normal value of 0 8-0 85 (on a mixed diet) to values m 
the region of 0 7 This has been interpreted as signifying that fat alone is 
being dissimilated and not carbohydrate, te as giving support to the extreme 
‘ ‘ non-utilization of carbohydrate ” view which has been proved to be in- 
correct But as explained on p 373, the interpretation of the respiratory 
quotient is beset with difficulties , as a rule, far from the R Q increasing 
our knowledge of metabohc processes, a detailed study of the metabolic 
processes usually has to be undertaken to account for the R Q observed 
The low R Q is probably due to several factors 

(l) The decreased dissimilation of glucose (R Q of glucose=l 0) 

(n) The increased dissimilation of fats (R Q of fat=0 7) 

(ui) More fat is converted m the hver into ketones than the tissues can 
use , the excess ketones are excreted m the urine The conversion of say, 

1 mol of palmitic acid into the equivalent 4 mols of acetoacetic acid (if this 
is not dissimilated further) involves the utilization of 7 mols of 0 2 without 
any corresponding evolution of C0 2 Thus 

1 Stetten, Recent Progress Hormone Research , 1949, 4 , 189 
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C 1G H 32 0 2 +70 ; 2 4CH 3 C0CH 2 C00H 

palmitic acid acetoacetic acid 


The measured RQ is the ratio of 2 evo ^ | D , 7 ^g en i ire metabolism of 

0 2 consumed J 

the body The conversion shown m the above equation increases the denomin- 
ator only and so lowers the It Q 

(6) Glycosuria — Owing to the hyperglycsemia the tubule reabsorption 



Fig 58G — Glucose Tolerance Curves 
m Various Conditions 

(Drawn from data In Beaumont and Dodds, Recent 
Adianees in Medicine ) 

n each case the blood glucose was determined before and after 
the ingestion of 50 g of glucose \ = Normal subject 

B=5Iild diabetes, normal blood glucose during fasting 
C = Se\ere diabetes , blood glucose a\hen fasting D = Morc 
severe diabetes L = Renal gljcosuna 


maximum (Tm 0 ) for glucose is exceeded (p 927) , m other words, the glucose 
filtered out of the blood mto Bowman’s capsule is not completely reabsorbed 
(as it is normally) by the tubular epithelium back mto the blood , glycosuria 
results Owing to the extensive reabsorption of water which always takes 
place in the tubules, the concentration of sugar m the urine rises to levels 
far above that m the blood, even, for example, up to 5 g-% The osmotic 
pressure exerted by the high concentration of glucose in the unne is consider- 
able and hampers the reabsorption of water , so more water than normally is 
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lost m the urine, i e polyuria results Owing to tlie excessive water loss from 
the body great thirst is experienced 

- / U) Glucose Tolerance Curve — (i) Normal Response — The fasting 
blood glucose is determined first thing m the mor nin g (normally it is 80-100 
mg per 100 c c ) , 50 g of glucose are then ingested Blood specimens 
(venous or capillary) are collected at half-hourly intervals and the glucose 
content of each is determined Half an hour after the glucose “ meal ” the 
blood glucose rises to 130-160 mg-% as the glucose absorbed from the bowel 
enters the systemic circulation During the next hour the blood glucose 
steadily declines to its initial value and may fall even below this temporarily 
(Rig 586, curve A) The response of the blood glucose to a glucose meal, 
i e the glucose tola an ce curve, depends on several factors 

(a) Rate of glucose absorption from the intestine the more rapidly 
glucose is absorbed, the larger is the amount of glucose which reaches the 
circulation m a given time and consequently the greater is the initial blood 
glucose rise If the intestinal wall is damaged by inflammation or if its 
absorption mechanisms aie depressed by lack of the adrenal cortex hormone, 
thyioid, or certain vitamins, a “ flat ” curve results, i e the blood glucose 
peak is lower than is normally the case (p 836) 

( b ) The glucose which enters the circulation diffuses throughout the body 
fluids , i e the absorbed glucose is diluted not merely by the blood volume 
(5 L) but by the total body fluid, say 50 L The blood glucose would only 
rise by about 100 mg-% above the initial value (after ingesting 50 g of 
glucose), even if no regulating mechanisms existed 

(c) The rise of blood glucose directly increases glucose utilization and 
glycogen deposition It also stimulates insulin secretion The insulin further 
promotes the withdrawal of glucose from the body fluids and inhibits the 
inflow of new glucose 

The time lag which exists before these various factors come mto operation 
accounts for the small initial rise of blood glucose which occurs after a glucose 
meal The time lag in the reaction of the liver to the falhng blood glucose 
is the explanation of the transient terminal phase of shght hypoglycsemia, 
which is commonly observed 

0) Effect of Previous Diet — The curve obtained varies with the previous 
dietetic history of the subject If the diet has been low m carbohydrate 
{eg 50 g daily) the test ingestion of 50 g of glucose may raise the blood 
glucose to 200 mg-% , the rate of dechne is slow and is incomplete even after 
3 hours (Fig 587, curve A) If, on the contrary, the previous carbohydrate 
intake was high (e g 500 g daily), the test ingestion produces only a shght 
and irregular alteration in the blood glucose (Fig 587 , curve B) 

Comparison of the glucose content of the arterial and venous blood to a 
limb shows that on either diet the uptake of glucose by the tissues is normal 
(Fig 588) The high “ diabetic-looking ” curve obtained on a high fat diet 
may be due to the high fat content of the liver which impairs the hepatic 
regulation of blood glucose level (cf p 869) The low carbohydrate diet 
also impairs the conversion m the liver of glucose into fatty acid 

(n) Glucose Tolerance Curve in Diabetes Mellitus (Fig 586) — 
The blood glucose level is abnormally high Following ingestion of 50 g 
of glucose the blood glucose may rise by a greater absolute amount than 
normally (e g by 100 mg-%) to abnormally high peak values of 300 mg- / 0 
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or more. Subsequently a very slow fall sets in, so that many hours may 
elapse before the fasting blood glucose level is regained 

The initial hyperglycemia and the shape of the post-ingestion curve are 
due to lack of insulin and the consequent failure of the body to respond to 
the increase m the body-fluid glucose The final fall of the blood glucose 
is due mainly to the excretion of glucose m the urine 



MINUTES 

Fig 587 — Effect of Carbohydrate Content of previous Diet on 
Glucose Tolerance Curve (Himsworth, Lancet, 1939, ii ) 

Diet A = 50 g cnrbohj drate, 80 g protein 240 c fat 
Diet B = 500 g carbohydrate, 80 g protein, 40 g fat 
C=Control (cf Fig 588) 

, 2 Changes in Fat Metabolism —(1) Non- Transformation of 

Glucose into Fatty Acids and Fat — See p 920 

(2) Excessive Ketone Formation in the Liver —Ketones are formed 
from fat m the liver and turned out into the blood at a faster rate than the 
tissues can use them , the blood ketone level is thereby raised (ketosis, 
ketaimia) and ketone bodies are excreted m the urine (p 924) The excessive 
ketogenesis is related to the fact that the liver is depleted of glycogen and 



Fig 5S8 — Effect of Carbohydrate Content of previous Diet on Peripheral 
Uptake of Glucose bv Tissues (Himsworth, Lancet, 1939, n ) 

Note the areas enclosed b\ the capillary \enous curses are similar in both ca«-s 
LCD =prcvious low carboha drate diet H C D = previous high carbohydrate dirt 
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laden with fat Even m the fasting state the ketosis persists, the ketone 
bodies being formed from fat which is mobilized m large amounts from the 
fat reserves 


The role of the liver m blood ketone regulation is as important as its role 
m blood glucose regulation After hepatectomy the blood ketone level 
decreases as rapidly m the depancreatized as m the normal animal If the 
liver is damaged in the diabetic patient both the ketosis and the hyper- 
glycemia are reduced Though the diabetic manifestation are less marked 
the patient is worse because he now also suffers from the serious condition of 
hepatic failure (p 869) 

(3) Ketone Utilization —The power of the tissues to utihze ketones is 
unimpaired m diabetes As less glucose is used a larger proportion of the 
energy needs of the body is supplied by ketones (or complete oxidation) 

(4) The blood fat (in the form of triglyceride) rises (hpsemia) The 
lipmmia indicates that fat is “ called out ” of the depots into the blood faster 
than the hver can withdraw it from the blood , the development of fatty 
liver indicates that the hver is taking up fat from the blood faster than it 
can dispose of it by conversion into ketones 

(5) The blood cholesterol level also rises, even up to 1 5% m extreme cases 

(6) The glycerol (CH 2 OH CHOH CH 2 0H) of neutral fat is converted 
normally into glucose (m the liver) 

Results op Ketosis — The ketone bodies are acetoacetic acid (the 
substance primarily formed) and /9-hydroxy-butyric acid , these acids are 
interconvertible Acetoacetic acid breaks up in the blood and the urinary 
bladder to form acetone which is eliminated m the expired air (giving it its 
characteristic smell) and m the urine (see p S69) 

The presence of abnormal amounts of acetoacetic and /9-hydroxy-butyric 
acid m the blood tends to induce a “ metabolic ” acidaemia (p 99) The 
usual compensatory reactions occur (p 102) 

(l) The acids are initially neutralized by the NaHC0 3 of the plasma 
H Ak+NaHCOg *Na Ak+H 2 0+C0 2 ^ 

(Ak is the acid ketone body under consideration ) 


(u) There is compensatory hyperpncea which eliminates (a) the extra 
C0 2 liberated by the above buffering reaction and (b) additional C0 2 as well 
so as to get rid of enough extra C0 2 to make up for the decrease in the plasma 

alkali (NaHC0 3 ) The ratio determining blood reaction 

back approximately to normal , the numerator (bicarbonate) is primarily 
reduced by the buffering reaction , the denominator (H 2 C0 3 ) is secondarily 
reduced by the compensatory overventilation (p 396) 

(m) There is excretion of a highly acid urine (p 94) 

(iv) There is increased NH 4 + excretion more NH 3 is made by the renal 
cells to neutralize the abnormal acids (p 97) 

Direct measurement of the H + ion concentration of the blood reveals 


little change m most cases of diabetes, proving how effectively compensation 
of the acidsemia is carried out 

. 3 Changes in Protein Metabolism — Normally the non-mtrogenous 
residues of the ammo-acids are converted into glucose (mainly) and ketones 
(to a small extent) m the hver In the diabetic, neoglucogenesis from protein 
takes place excessively, and this overproduction largely contributes to the 
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hyperglycemia , tliere is also some excess ketogenesis from protein ■winch 
aggravates the ketosis (cf pp 887 et seq ) 

la the fasting diabetic the tissue proteins are hydrolyzed rapidly to produce 
large amounts of ammo-acids which are converted into glucose and ketones, 
much of which is excreted m the urine 


Effect of Diet in Diabetes — 
the hyperglycemia and the glycosuria 
(as occurs also when glucose is given) , 
dietary protein is mainly converted 
mto glucose and partly into ketones , 
dietary fat increases the ketosis only 
4 Diabetic Coma — The onset 
of coma is foreshadowed by head- 
ache, nausea, vomiting, obstinate 
constipation, and abdominal pain 
The breathing becomes deep and 
sighmg (" air hunger ”), and con- 
sciousness is gradually lost If the 
alveolar C0 2 falls below 2%, coma 
may supervene withm 24 hours 
The factors producing the coma are 
(l) Accumulation of the poisonous 
acetoacetic acid (u) The acidmmia 
which may be present (in) Failure 
of the kidneys albuminuria, casts, 
diminished excretion of urine, and 
high blood urea may be found 
There may be complicated changes 
in water and ionic balance 
(iv) Circulatory failure is present, 
and the blood pressure is very low , 
this may be partly the result of a 
decrease in the plasma volume 

Action of Insulin in Diabetes 
Melhtus. — The administration of 


■Extra dietary carbohydrate increases 


LtP^£MIA $ $ O 0 0 
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Fro 589 — Action of Insulin m Case of 
Severe Diabetic Patient (Davies, 
Lambie, Lyons, Meakms and Robson 
Brit med J , 1923 ) 


insulin to the diabetic restores him Ordinates from above downwards are Blasma 
to normal bicarbonate m vols/100 cc Blood glucose in 

u normal mg/100 cc Blood ketones in mg/100 cc 

(l) The inflow and outflow of At arrow inject 30 units of insulin 

shlCGSP from flap Imdv flnirlc bponmp Note Rise of plasma bicarbonate from 30 to 45 
glucose irom me DOCiy nuias oecome vols/100 cc Fall of blood glucose from 400 to 

normal The rate of dissimilation of 100 mg/100 cc Fall of blood ketones from 

glucose, its conversion mto glycogen, 
fatty acids, and fat, and the rate of 

ueoglucogenesis by the liver become normal The blood sugar falls to normal 
(u) Ketone formation m the liver and the excessive mobilization of fat 
cease , as the ketosis disappears the reactions to acidmmia are dispensed with 

(m) The E Q returns to normal 

(iv) The urme becomes normal (the glycosuria and ketonuria disappear) 
(Fig 589) 

Administration of Insulin — Insulin can be administered clinically 


(usually by subcutaneous injection) in several different forms 
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ADMINISTRATION OF INSULIN 


(1) Regular Insulin an aqueous solution of crystalline or other purified 
insulin It is rapidly absorbed from the subcutaneous tissues and lowers 
the blood glucose after a short latent period , the effect passes off in a few 
hours (Fig 590) A substantial proportion of the injected insulin is probably 
excreted 

(2) Zinc-Insulin the addition of appropriate amounts of zinc (as a 
soluble salt, e g ZnCl 2 ) delays the absorption of insulin from the skin by a 
mechanism which is unknown , its action is consequently prolonged 

(3) Pi otamme-Insuhn a clear solution of a protamine (a basic protein 
extracted from nuclei and containing much arginine and lysine) is added to 
an insulin solution , the protamine unites chemically with ins ulin (as it 
does with other proteins) The protamine is dissolved m a suitable buffer 
solution of such composition that the pH of the mixed insulin and protamine 
solutions is 7 2 At this reaction the protamme-insuhn compound is insoluble 
and forms a flocculent precipitate The suspension is injected , msuhn is 


100 
80 
60 
40 
20 

' 2 3 4 5 6 7 8 9 10 II 12 13 ° 

HOURS ArTER INJECTION “ 

Fig 590 — Effect of Regular Insulin and of Protamine Insulin on Blood Glucose 

Note the much more prolonged oflect of protamine insulin (Modified from Best and Kerr ) 

slowly liberated, slowly absorbed, and produces a prolonged effect (cf andro- 
gens, p 1111) The advantages of this method are (i) The duration of the 
antidiabetic effect is, as stated, longer (Fig 590) The number of injections 
required is therefore reduced (u) The blood glucose cuive during the 24 hours 
is more regular and does not show a high peak after a meal or a marked 
depression after an injection There are consequently fewer unpleasant 
hypoglycaemic leactions (in) The ketosis is better controlled 

(4) Zmc-Proiamne-Insuhn — If a zinc chloride solution is added to 
a protamine-insulin suspension the latter becomes stabilized and remains 
in a satisfactory state m vials without sedimenting out, for months The 
presence of zinc also facilitates the formation of the protamme-msulin 
compound 

(5) Regulai Insulin together with a “ Retard ” Insulin (e g (2), (3) or (4)) — 
This combines the advantages of the immediate response to the regular 
insulin solution with the prolonged action of the more slowly absorbed forms 
The two preparations must be injected from separate syringes at separate sites 

Abnormal Response to Insulin —(1) Insulin Hypersensitivity —This 
condition is present when a severe prolonged hypoglyciemia (which may be 
fatal) results from a dose of insulin which produces a trivial blood glucose 
fall m the normal animal It occurs experimentally after removal of the 
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glands which, antagonize the action of insulin, % e after hypophysectomy 
(p 938) or adrenalectomy 

Insuhn hypersensitivity is present m clinical cases of hypopituitarism 
(e g Simmouds’ disease) and of adrenal cortex deficiency (Addison’s disease) 
(2) Insulin Resistance — Usually the subject under observation is a 
diabetic whose hyperglycsemia was previously kept m check by small doses 
of insulin , with the development of insulin resistance, doses of, for example 
200 units or more may fail to lower the blood glucose The possible causes 


are 


(l) Poor absorption of insulin from the subcutaneous tissues (into which 
insuhn is usually injected) , such cases respond normally to msulm when it is 
administered intravenously 

(u) Excessively ? apid destruction of insuhn there is no evidence that this 
occurs 

(m) Overactivity of the msulm antagonists , i e antenor pituitary, adrenal 
cortex, thyroid 1 

(iv) Abnormal condition of the liver (due to “ fatty state,” action of toxins, 
or fever) so that it does not respond normally to its hormonal regulators, 
i e hepatic glucogenesis is not “ screwed off ” as effectively as usual by msulm 2 

(v) In some cases there is evidence of the presence of an anti-msulm 
substance in the patient’s blood , injection of the “ resistant ” patient’s serum 
plus msuhn then produces a smaller fall of blood glucose m a test ammal than 
an injection of normal serum plus msuhn 

Glycosuria 3 — The term glycosuria refers to the presence of sugar in the 
urme m sufficient amounts to reduce alkaline solutions of copper salt 4 

The normal arterial blood glucose level is 80-180 mg-%, according to 
circumstances Glucose is filtered out from the plasma into Bowman’s 
capsule , the glucose concentration m the tubular fluid, therefore, is initially 
identical with that in the plasma The normal average glomerular filtrate 
volume is 120 c c pei minute The amount of glucose filtered per minute 
must vary with (i) plasma glucose concentration and (n) the rate of 
glomerular filtration The maximal amount of glucose that could be filtered 


per mmute at the maximal normal blood glucose level is thus 


120x180 

100 


i e 216 mg 

Glucose is transferred actively by the tubular epithelium from the lumen 
of the tubule back into the blood (reabsorption) There is an upper limit 
to the absolute amount of glucose which can be reabsorbed by the tubules 
m unit time , this is called the tubular absorption maximum for glucose or the 
Tm Q , its normal average value per minute is 300 mg for women and 350 mg 


1 The presence of the pancreatic “ hyperglycoamic factor ” (p 918, footnote 1) may 
play a part m some cases 

2 Those investigators who are never at a loss for a phrase to “ explain ” a phenomenon 
by describing it m other, more impressive words, have termed this non reaction of the 
hver “ hepatic refractoriness as regards the inhibitory response ” There would seem to be 
some neglect of “ Plain Words ” here (See Sir Ernest Gowers’ Plain Words, Stationery 
Office ) 

3 Corcoran, Cleveland, Clm Quarterly, 1948, 15, 18G 

4 Chromatographic examination of the urine shows that traces of glucose are normally 
present but the concentration is too low to give a reducing reaction The presence of 
thoso normal traces is ignored in the discussion below 
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for men The blood glucose levels at which 300 and 350 mg of glucose 
would be filtered out per minute from normal glomeruh are about 250 and 
300 mg-% respectively 

This calculation does not give the minimum ( threshold ) blood glucose 
level at which glycosuria occurs The reason is that some of the renal tubules 
have a lower maximal absorptive power than the average When the amount 
of glucose filtered out m the glomeruh exceeds the Tm 0 of these “ weaker ” 
tubules, detectable glycosuria occurs (although the other tubules have not 
yet exerted their full reabsorptive power) 1 Clinically, detectable glycosuria 
is commonly present when the blood glucose exceeds 180 mg-%, but individual 
variations are considerable When the blood glucose level is such that the 
Tm a of all the renal tubules is exceeded gross glycosuria occurs (Pig 591) 
Glycosuria may thus result from 

(l) Increased filtration of glucose due to (a) raised plasma glucose con- 
centration , this is much the commonest cause , (b) increased volume of 
glomerular filtrate , this is very rare 

(u) Decreased Tm 0 , this may be due to a harmless individual variation, 
or result from the action of poisons or disease 

(1) Relation of Hyperglycaemia to Glycosuria — Assuming a glomer- 
ular filtrate volume of 120 c c per minute and a Tm a of 300 mg per minute, 
considerable glycosuria will occur when the blood glucose exceeds 250 mg-% 
If the Tm a is greater or less than the average, the blood glucose level at which 
glycosuria is produced is correspondingly higher or lower (but see comment 
above) 

Some patients with diabetes melhtus with a blood glucose level which is 
considerably raised do not have the expected glycosuria Such a finding 
may be due (l) occasionally to increased Tm a , it is suggested that pro- 
longed hyperglycaemia may stimulate the reabsorptive power of the tubular 
epithehum, eg to a maximum of 400-450 mg per minute , (n) much more 
commonly to decreased glomerular filtration resulting from renal disease or 
circulatory failure In the latter case the absence of glycosuria is of serious 
omen 

(2) Relation of Variations in Tm 0 to Glycosuria — (i) Renal glyco- 
suria — This term is applied to a condition m which the Tm 0 is considerably 
depressed without any other abnormality of renal function Should the 
Tm a fall to 120 mg per minute, calculation shows that glycosuria would 
occur whenever the blood glucose level exceeds 100 mg-% In renal glycosuria 
the glucose tolerance curve is flat (Fig 586, curve E) owing to the leak of glucose 
into the urine 

(u) Phlondzm glycosuria — Phlondzm m large doses paralyses the power 
of the tubules to reabsorb glucose , le the Tm 0 may fall almost to zero 
Glycosuria then occurs at all blood glucose levels, even during hypoglycemia 

(m) Renal disease — In any condition m which the tubular epithehum is 
damaged a decrease m Tm G occurs Glycosuria may be a minor manifestation 
m cases of renal disease in which the lesion is tubular rather than 
glomerular 

(3) Alimentary Glycosuria — If large quantities of polysaccharide 
(starch) or glucose are ingested, glycosuria does not occur except in people m 

i The Table on p 41 shows that before the Tmo for the whole renal mass is reached 
small amounts of glucose may be passed in the urine 
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whom the Tm 0 is low , such people may excrete small amounts of glucose 
m the urine 

When large amounts of glucose are given by the mouth in man, the 
following results are obtained 

( l ) With amounts of 150-200 g of glucose, no glucose is found in a 24-hour 
specimen of urine 

(n) When 300-500 g are ingested, the stomach empties itself very 
slowly Water is attracted osmotically into the stomach, gastric movements 
are inhi bited, and the organ remains distended for hours with a large volume 
of glucose solutions The stomach gradually empties itself into the small 
intestine where the glucose is absorbed m the usual way into the blood without 
an excessive rise of blood glucose and without the Tm G being exceeded 

(m) With amounts over 500 g the limits of ingestion axe reached as nausea 
develops and the glucose is vomited up 
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Fig 591 — Mode of Production of Different Forms of Glycosuria (After Corcoran, 
Cleveland Clin Quarterly, 1948, 15 ) 


PHYSIOLOGY OP ANTERIOR PITUITARY CONTROL OE 
GROWTH AND METABOLISM CLINICAL SYNDROMES 

It is convenient to indicate here where the different aspects of the 
physiology of the pituitary are considered m this book 

1 Posterior Lobe — (i) Structure and functions with special reference 
to antidiuretic hormone, p 41 

(n) Role of oxytocin in parturition, p 1091 
30 
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(m) Relation to secretion of milk, p 1091 
2 Anterior Lobe — (i) Structure, p 42 

(n) The functions of the anterior pituitary are numerous It controls 

growth, especially of the bones, muscles and viscera It regulates the 
metabolism of carbohydrate, protem, and fat It controls the growth, 
development, structural integrity and activity of the adrenal cortex, thyroid, 
testis, ovary and breast Six hormones have been isolated from the anterior 
pituitary m a pure or almost pure state They are (a) growth hormone , 
(b) adrenocorticotrophic hormone (adrenocorticotrophm, ACTH) , (c) thyro- 
troplnc hormone (thyrotrophin, thyroid-stimulating hormone, TSH) , 
(d) follicle-stimulating hormone (FSH) , (e) luteinizing hormone (LH), 

identical chemically with interstitial-cell-stimulating hormone (ICSH) , 
(/) prolactin (lactogenic hormone, lactogen, luteoferophin) All these hormones 
are simple proteins except ( d ) and (e) which are glycoproteins (containing 
a carbohydrate moiety) 

(m) Extirpation of pituitary, infra 

(iv) Control of the secretion of its hormones, p 931 

(v) Relation to growth, especially of the skeleton (growth hormone) , 
gigantism , acromegaly, p 934 

(vi) Relation to general metabolism (“ diabetogenic factor ”), p 936 
(vn) Relation to adrenal cortex (adrenocorticotrophm), p 946 
(vm) Relation to thyroid (thyrotrophin), p 980 

(ix) Relation to testis (interstitial-cell-stimulating hormone and FSH), 
p 1113 

(x) Relation to ovary (gonadotrophins m the female, i e follicle-stimulating 
hormone, luteinizing hormone, prolactin), p 1083 

(xi) Relation to breast (prolactin and other hormones), p 1094 
(xn) Clinical syndromes, p 940 

Extirpation of the Pituitary — The results of complete hypophy- 
sectomy are due m part to depressed activity of other endocrmes and m 
part to loss of the direct pituitary influence on many organs and tissues 
(l) In young animals growth ceases ( dwarfism ) (p 934) In adults no 
skeletal changes occur 

(n) The thyroid and adrenal cortex atrophy (pp 980, 946) 

(in) The gonads remain infantile if the operation is performed before 
puberty , hypophyseciomy in the adult causes atrophy of the gonads Lack 
of testicular and ovarian secretion produces the expected effects on the 
accessory organs of reproduction and the secondary sexual characters 
(pp 1068, 1107) 

(iv) There are profound changes m metabolism due to lack of growth 
hormone, thyroxine, adrenal corticoids, and possibly other less well-defined 
factors (p 931) 

(v) Renal function is disturbed Denervation or injury to the posterior 
pituitary produces diabetes insipidus (p 49) Complete hypophysectomy 
depresses renal function generally There is a marked decrease m glomerular 
filtration rate, renal plasma flow and maximal tubular excretion of diodrast , 
the diuresis which follows water drinking is greatly delayed 

,/ Simhonds’ Disease (Panhypopituitarism) —This is the classical clinical 
syndrome of grave anterior pituitary insufficiency in adults It commonly 
follows severe post-partum haemorrhage which somehow leads to extensive 
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pituitary necrosis Atrophic changes are found in the gonads, thyroid and 
adrenal cortex There is hypogonadism, e g decreased spermatogenesis, ^ 
decreased secretion of testosterone and depression of the secondary sexual 
characters, impotence , amenorrhoea and sterility , loss of axillary and 
pubic hair , atrophy and pallor of the skm There is mild thyroid deficiency, 
e g the BME falls to —20 (p 980) There is mild adrenocortical deficiency 
but generally no significant changes m electrolyte and 'water balance (p 946) 
The usual decrease m the eosinophil count m response to intravenous infusion 
of adrenaline may be absent (p 951) The urinary output of neutral 
17-ketosteroids is decreased markedly (e g to 0-2 mg /24 hr (p 953) 
Following an injection of insulin, the blood glucose falls normally, but 
recovery occurs very slowly (“ hypoglyccemia unresponsiveness ”) In some 
cases wastmg ( cachexia ) has been noted, but this finding is by no means 
constant 

Control of Anterior Pituitary Secretions 1 — The activities of the 
anterior pituitary are doubtless appropriately controlled to safeguard the 
interests of the rest of the organism The present position however is that 
we know more about the effects produced by the pituitary than about the 
factors influencing the pituitary itself Nothing is known, for instance about 
the control of the secretion of the growth hormone But there is evidence 
that the secretion of certain of the anterior pituitary hormones is regulated 
by nervous and humoral mechanisms 

(1) Nervous Control — Direct or reflex stimulation of the hypothalamus 
causes secretion of adrenocorticotrophm (p 948), and of gonadotrophins 
(p 1084) , possibly secretion of thyrotrophm also occurs Yet very few 
nerve fibres have been traced into the anterior pituitary and even these 
probably only supply the blood vessels We have, therefore, the paradoxical 
situation of the nervous control of a gland which has no significant nerve 
supply The explanation may be that the anterior pituitary has a double 
blood supply (l) the usual systemic supply , (n) a special portal circulation 
from the hypothalamus The arteries which supply the median eminence 
break up locally into capillaries which dram into veins , these travel along 
the stalk of the pituitary to reach the anterior lobe where they break up 
into a second capillary net The hypothalamo-hypophyseal veins are thus 
portal veins which could carry “ products of hypothalamic activity ” to the 
anterior lobe It is suggested that the hypothalamus releases one or more 
chemical transmitters which are carried away m the blood of these portal 
veins to the anterior lobe, so regulating its activity If th ese portal veins 
are destroyed the nervous control of the anterior lobe is abolished The 
nervous control of the anterior lobe is thus due to unidentified humoral 
agents which travel a short distance m the blood , these agents may be 
contrasted with the chemical transmitters of the impulse m efferent nerves 
which act locally and the hormones of the ductless glands which are dis- 
tributed by the circulation all over the body The transmitters acting on 
the anterior pitmtary may possibly be both adrenergic and chohnergic It 
is interesting to note that adrenaline stimulates the secretion of ACTH 

(2) Humoral Control — In several instances it can be shown that the 
activity of the anterior pituitary is regulated by the blood level of hormones 
secreted by glands which are under pitmtary control , this mechanism is 

1 Hams, Brit med J , 1951, u, 627 
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involved in tlie control of the secretion of thyrotrophin, gonadotrophins and 
ACTS 

W Tij£ptrophin_ stimulates the ^secretion of thyroxme.by.-the thyroid, 
the level of blood thyroxine m turn regulates thyrotrophin secretion an 
increase m blood thyroxine depresses the release of thyrotrophin, while a 
decrease of blood thyroxine stimulates the release of thyrotrophin Both 
pituitary and thyroid form part of a mutually interacting circuit, the 
activity of both glands being adjusted to maintain the normal state of the 
body (p 979) 

(n) The level of blood oestrogen regulates the secretion of FSH (p 1085) 



Days Injected 

Fra. 592 — Effect of Growth Hormone on Growth of Adult 
Femnlo Rats (Li and Evans, Recent Progress Hormone 
Research, 1948, 3, 5 ) 

Injected animals received daily 0 4 mg of growth hormono for 
23 days , 0 0 mg for next 08 dajs , 1 0 mg for next 33 dajs , 1 5 mg 
for next 115 dajs , 2 0 mg for next 183 days No injections on Sundays 
Controls received no injection 


(m) The blood level of the adrenal corticoids may regulate the rate of 
secretion of ACTH (p 948) 

(iv) Testosterone has little effect on the anterior pituitary , the “ back- 
lash ” (or “ feed-back ” as the physicists like to call it) from the testis to the 
pituitary may be due to an unidentified factor (p 1114) 

(v) Removal of the thyroid, adrenals, ovaries or testes produces histological 
changes m the anterior pituitary 

Relation of Anterior Pituitary to Growth and General Metabolism — 
Three of the six hormones which have been isolated m pure or almost pure 
form, are related to growth and metabolism They are growth hormone 
(somatotrophm) , adrenocorticotrophm (ACTH) , thyrotrophin (thyroid- 
stimulatmg hormone, TSH) 

( 1 ) Growth hormone its actions are fully described below 

(u) Adrenocorheotrophm this hormone acts by regulating the growth, 
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integrity and secretory activity of the adrenal cortex (p 946) It is discussed 
below in so far as it is concerned with hypophyseal diabetes and diabetes 
melhtus 

(in) Thyrotrophm this hormone acts by regulating the growth, integrity 
and secretory activity of the thyroid (p 980) 



Fig 593 — Hyperpituitarism with Giant Overgrowth On the right is a 
normal subject for comparison (height 5 ft 8m) On left is a case of 
hyperpituitarism with giant overgrowth Note the narrow chest, large 
joints, hypotrichosis (defective growth of hair on body) and the large 
size of the hands Harvey Cushing’s case (Vincent Internal Secretion 
and Ductless Glands, Arnold ) 


(iv) Injection of certain anterior pituitary extracts produces a metabohc 
disturbance resembling diabetes melhtus (so-called hypophyseal diabetes ) 
The active agents are referred to collectively as the diabetogenic factor A 
similar disturbance can be produced m some species by pure growth hormone 
and m others by ACTH Possibly other substances which have not yet been 
identified with certainty may play a part also (e g glycotropic factor) 
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Relation of Anterior Pituitary to Growth Growth Hormone. 1 

This hormone has been prepared m the pure form , it is a simple protein 
(mol wt 45,000) It is an indispensable component of the complex 
chemical systems present m the tissues which determine normal growth and 
differentiation 

1 Experimental Evidence — (i) After hypophysectomy in young 
animals-grow t h ceases , injection of growth hormone restores the rate of 
growth to normal ' 

(n) If the hormone is injected into intact immature rats the rate of 
growth is accelerated for periods as long as 450 days 


A B 



Fig 594- — Facial changes in Acromegaly 

A V oman (age 29) before the onset of tho disease B Same woman (aged 36), 'with fully de\ eloped 
disease (Aftor H Zondek, Eranlheiten der Endolrmen Druscn ) 


(m) If injected into adult rats, overweight ammals are produced (Fig 592) 
The skeleton is larger and heavier, and the principal viscera are enlarged The 
degree of growth obtained is related to sex it is least marked in normal 
males, greater m normal females, and further increased m both sexes by 
removal of the gonads 

(iv) In young normal dogs receiving these extracts, changes m the skeleton 
resembling those found m human acromegaly {infra) have sometimes been 
produced 

2 Clinical Evidence — Tumours of the anterior lobe may be associated 
with over-secretion — hyperpituitarism, or with under-secretion — hypopituit- 
arism When the latter condition develops in young people, stunted skeletal 
development (dwarfism) is a common feature With hyperpituitarism, 
excessive skeletal growth occurs, the exact character of which depends on the 
time of onset of the disease 

*—^(1) Gigantism — This occurs when hyperpituitarism develops before the 
union of the epiphyses of the long bones The bones continue to grow in a 
1 Li and Evans, Recent Progress Hormone Research , 1948, 3, 1 
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regular manner and become excessively long Most giants who are seven or 
eight feet in height are examples of this disorder (Fig 593) 
w- (2) Acromegaly — When hyperpituitarism sets in after the union of the 
epiphyses, acromegaly (literally, enlargement of the peripheral regions) 
results (Fig 594) The bony changes produced in this disorder are as follows 
There is overgrowth of certain parts of the skeleton, namely, the lower jaw, 
the upper jaw, and the malar bones ( % e the lower half of the face) , there is, 
consequently, separation of the teeth The hands and feet are enlarged 
There is bowing of the spine (kyphosis) , the antero-postenor diameter of 
the chest is increased The bent back, the big hands reaching down to the 
knees, the protruding lower jaw, remind one of the apt descriptive phrase — 
“ a reversion to the gorilla type ” 

3 Mode of Action of Growth Hormone — The mode of action of 
growth hormone can now be considered m greater detail 

(1) The increase m body growth produced by the hormone is due to a 
direct action on the tissues and is independent of any increased secretion by 
other endocrine glands (e g adrenal, thyroid, gonads) 

(2) The muscles and viscera grow as rapidly as the skeleton and the body 
as a whole 

(3) Action on Bones — After hypophysectomy a “ calcium barrier ” or 
“ closing membrane ” appears which cuts off normal activity at the epiphyseal 
hue with the result that growth ceases On injecting growth hormone the 
membrane disappears , the cartilage cells at the epiphyseal hne begin to 
proliferate and differentiate once more into bone and bone growth is resumed 

Mem brane bones (e g those of the cramum) are unaffected by hypo- 
physectomy , bony tissue anywhere that has already been laid down likewise 
undergoes no change 

Injection of growth hormone (extracted from glands of cattle) into human 
pituitary dwarfs has so far proved completely ineffective (possibly because of 
species differences) 

(4) General Metabolic Changes — Growth mvolves the retention of all 
the materials necessary for the formation of fresh tissue, eg ammo-acids 
for protein deposition, minerals, and water As might be expected growth 
hormone affects many aspects of metabohsm 

(l) Growth hormone decreases nitrogenous excretion m the urme 
(Fig 595) , the retained N is built up into tissue protein 

(u) The blood ammo-acid level falls, indicating that the ammo-acids are 
being withdrawn from the blood more rapidly than they enter it 

(m) Serum alkaline phosphatase is increased this enzyme may be 
related to protein synthesis as well as to ossification (p 1002) 

(iv) Reserve fat is decreased, though structural fat (the hpides which are 
an integral part of the cell architecture) is increased in amount 

(v) Growth hormone causes increased retention of calcium and phosphate 
The level of serum inorganic phosphate is mcreased (as it is in growing 
children and m acromegaly) 

(vi) The thymus hke the rest of the body is stimulated to mcreased 
growth (the thymus is often enlarged m acromegaly) 

(vn) The yield of milk m lactatmg ammals is mcreased (p 1094) 

(5) Diabetogenic Action of Growth Hormone — In certain circum- 
stances, growth hormone injected mto normal ammals produces a condition 
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resembling diabetes mellitus , there is a rise of blood glucose and develop- 
ment of glycosuria , reserve fat is decreased , there is ketomemia and ketonuna 
According to Young, growth hormone is diabetogenic m the adult dog and 
cat but not m the puppy or kitten or in the pregnant or lactatmg adult dog 
or cat It is not consistently diabetogenic in adults of other species studied 
The diabetic effect is more readily produced after partial pancreatectomy 
(owing to deficiency of the antagonistic hormone, insulin) (cf p 938) 


to 



Fig 595 — Effect of Growth Hormone on Body Weight and Nitrogenous 
Excretion m the Urine of Adult Female Bats (Li and Evans, 

Recent Progress Hormone Research, 194S, 3, 14) 

During the injection period the nitrogenous excretion in the urine was decreased 
(from about 340 mg to about 220 mg dailj ), and body weight increased (from 275 
to 290 g ) 

It is not at all easy (for the uninitiated) to understand how a hormone 
which promotes growth should also be able to produce diabetes, a condition 
which involves wasteful transformation of protein into glucose The question 
is discussed again below 

Relation of Anterior Pituitary to Metabolism and especially to 
Diabetic Syndrome 1 — This subject is complicated and confused As 
already explained crude anterior pituitary extracts are diabetogenic It 
1 Bennett and Evans, m The Hormones, N Y , 1950, 2, 405 
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will be convenient for purposes of discussion to group all tbe diabetogenic 
substances in anterior pituitary extracts together and refer to them as 
though they constituted a physiological entity, the diabetogenic factor 

(1) Action op “ Diabetogenic Factor ” — ( 1 ) In the liver it produces 
the opposite effects to those of msuhn Thus (a) it increases the conversion 
of glucogens (glycogen and amino-acids) into glucose , (6) it increases the 
conversion of fatty acids into ketone bodies 

(n) (a) In the tissues it inhibits the conversion of glucose into 
hexose-6-phosphate, thus preventing its introduction into the “ metabolic 
machinery of the cell ” (p 914) This inhibitory action of anterior pituitary 
extracts is antagonized by msuhn ( b ) It stimulates the conversion of tissue 
protein into ammo-acids (c) It mobilizes depot fat 

(in) It may directly neutralize msuhn 

(iv) It may damage the islets (metahypophyseal diabetes, p 918) 

In some species many of these actions can be reproduced by growth 
hormone, m others by ACTH which acts by releasing adrenal corticoids 

(2) Effects of Hypophysectomy in Normal Animals — The mam 
disturbances are due to loss of the diabetogenic factor (as defined above) 
which is supposed to be normally secreted steadily into the blood Normally 
the action of the anterior pituitary factor and of msuhn on the hver and 
tissues are nicely balanced, as shown below 

Ant Pituitary 

Glucogens m Liver ( > Glucose m Blood 

Insulin 


Insulin stimulates 

Glucose m Tissues — > Hexose Phosphate 

Anterior Pit inhibits 

In the absence of the pituitary factor, glucogenesis by the hver is depressed 
by the unopposed action of msuhn and even if the diet is adequate, the blood 
glucose level falls by 20-30 mg-% below that m normal controls 

The effects of hypophysectomy on glucose uptake by the tissues have not 
been satisfactorily determined , it is probably increased, thus aggravating 
the tendency to hypoglycemia 

In hypophysectomized ammals, a period of fasting (which does not depress 
the blood glucose m intact animals) soon produces liypoglyccemia which 
develops rapidly and may b & fatal Protein given by mouth raises the low 
blood glucose level , i e the ammo-acids derived from the food protem can 
be converted mto blood glucose , food fat, however, is ineffective (Fig 596) 
These results suggest that after hypophysectomy neither food fat nor depot 
fat can <c spare ” body glucose , food protein , but not tissue protein , can be 
converted into glucose , , Now, durmg starvation m the intact animal, tissue 
protein is broken down on a large scale to give rise to ammo-acids As already 
mentioned the hypophysectomized animal can convert ammo-acids, absorbed 
from the bowel, mto glucose but it cannot maintain its blood glucose level 
when fasting It seems, therefore, that after hypophysectomy tissue protein 
is not converted at the normal rate mto ammo-acids 
3°* 
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(3) Effects of Hypophysectomy in Pancreatectomized Animals — 
Removal of the pitmtary m panereatectomized ammals produces striking 
results, as was first demonstrated by Houssay There is a marked improve- 
ment m the clinical state, and hyperglycanma and glycosuria may practically 
disappear , ketosis is generally absent Such a Houssay animal, as it is usually 
called, may live for months without special treatment, but its existence is 
always somewhat precarious It becomes increasingly undernourished and 
finally dies, the longest recorded survival period bemg 9 months The blood 
sugar m Houssay animals shows wide fluctuations Fasting produces the 
same hypoglycaimic effect as in the hypophysectomized animal After a meal 
the blood glucose rises to 200 or 300 mg-% and glycosuria may consequently 
develop The degree of glycosuria depends on the species and the kind of 
food eaten , a carbohydrate- or protem-nch meal raises the blood glucose 
(Eig 597) , a high fat diet has no such effect 



Fig 59G — Action of High Fat Diet, High Protein Diet and Fasting on 
the Blood Glucose Level in the Hypophysectomized Dog (After 
Soskm el al , Amer J Physiol , 1935, 114, 110 ) 

High fat diet 11 g of oln e oil per kg 

High protein diet 11 g of protein (ns lean meat) per kg 

On the high protein diet the blood glucose is maintained at a level of 40-50 mg/100 cc 
On a high fat diet and during fasting much more severe hypoglj camua del clops 

The Houssay animal is very sensitive to (i) the action of anterior 
pituitary extracts, which raise the blood glucose and produce glycosuria and 
ketosis , (n) the action of insulin, which produces a striking hypoglycsemia 
which can be fatal 

The observations described above demonstrate that the diabetogenic factor 
is concerned with the normal regulation of metabolism How its rate of 
secretion is adjusted in accordance with body needs is uncertain 

When the islets are removed the resulting diabetic syndrome is partly 
due to the unopposed action of the pitmtary , if both the islets and the 
pitmtary are removed, the two mam regulators of carbohydrate, protein, 
and fat metabolism are absent, but on a suitably adjusted diet the animal 
remains fairly normal , but because it lacks the usual regulatory and com- 
pensatory devices, its condition is precarious and its blood glucose and general 
condition fluctuate widely with changes m the diet (Fig 597) 

(4) Effect of Adrenalectomy in Panckeatectomized Animals 
In some species adrenalectomy has the same effect as hypophysectomy m 




ANTERIOR PITUITARY AND DIABETES 


939 


ameliorating tlie diabetic symptoms The adrenal corticoids thus have 
actions ■which are antagonistic to those of msuhn (p 945) As might be 
expected, injection of corticoids (e g cortisone) aggravates the symptoms of 
clinical diabetes mellitus 

(5) G-lyco tropic IT actor (Young) — This substance (which has been 
extracted from the anterior pituitary) has no direct action on the blood glucose 
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Fig 597 — -Influence of Size of Protein Intake and of Fasting on Blood Glucose 
Level of Dogs in which both the Pituitary and Pancreas had been removed 
(After Soskin et al , Amer J Physiol , 1935, 114, 110 ) 

The dog fasted on days 2, 4 and 8 It was fed on days 1, 3, and 7 On days 1 and 3 
the protein intake was high (400 g and 378 g ) On day 7 the protein intake was low 

(00 g) 

Rote fall of blood sugar (i) at night , (h) by day when fasting , (in) on a low protein diet 


level, but decreases the blood glucose lowering action of msuhn (Fig 598) Its 
absence is alleged to account in part for the enhanced insulin sensitivity of 
the hypophysectomized animal , the presence m excess of such a substance 
may account for some clinical cases of insulin resistance (p 927) 

(6) Relation of the Pituitary to Clinical Diabetes Mellitus — 
Prom the above discussion it is clear that m considering clinical diabetes 
mellitus the anterior pituitary must be constantly kept to the fore as an 
important factor It may damage the islets (p 918) , it may dimmish respon- 
siveness to msuhn secreted in normal amounts by perfectly healthy islet 
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tissue (glycotropic factor) (p 939) , or it may actively disturb carbohydrate, 
protein, and fat metabolism m tlie presence of the normal pancreas (p 937) In 
the pancreatectomized animal, or in a patient with primary islet deficiency, 
many of the symptoms are due to the unopposed action of the diabetogenic 
factor The frequent clinical association of pituitary disease (e g acromegaly, 
Cushing’s disease) with diabetes melhtus thus acquires an added significance 

Clinical Pituitary Syndromes — Either increased pituitary secretion 
(/hyperpituitarism) or diminished activity (/hypopituitarism) may occur 1 A 
state of hypersecretion may later degenerate into a state of under-activity 
Again, different functions of the gland may be affected simultaneously but in 

different directions To such complex 
derangements of function the term 
tfyspituitarism is apphed 

(1) Simmonds’ Disease — See 
p 930 

(2) Milder Syndromes of Hypo- 
pituitarism — The following changes 
are commonly found 

(i) Stunted skeletal development 
(infra) 

(n) Depression of sexual function 
(m) Changes m skm and hair m 
the male the beard and axillary hair 
are scanty, the pubic hair is of 
feminine distribution, the trunk and 
limbs are hairless In children the 
skm is smooth and dehcate , m the 
adult it is dry, wrinkled, and atrophic , 
the secretion of sweat is diminished 

(iv) Adiposity is fairly common, 
and there is a tendency for sudden 
fluctuations m weight to occur In 
children the fat has a feminine distri- 
bution, but in adults the subcutaneous fat is grossly excessive in most 
regions 

(v) Mental backwardness 

(vi) Lowered basal metabolic rate 

(vn) Polyuria, which may be intense (due to lack of antidiuretic hormone, 
p 49) 

All or only certain of these features may be present m any individual 
case of this disorder 

When hypopituitarism develops m childhood it may assume the following 
forms 

(i) Frohhch’s syndrome ( dystrophia adiposo-gemtalis ) several pitmtary 
functions are disturbed , the children become stunted and stupid or quite 
idiotic The genitals are hypoplastic, and there are diffuse deposits of 

(n) Lorain type mentally, these patients are normal , general metabohsm 
is unaffected But skeletal growth ceases and the secondary sexual characters 
1 Sheehan et al , Quart J med , 1949, 18, 319 , Brit med J , 1950, l, 929 
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Fig 598 — Influence of Glycotropic 
Factor of Anterior Pituitary on 
Action of Insulin on Blood Glucose 
(Young, 1938 ) 

A represents normal animal , B, animal 
(rabbit) previously treated ulth anterior 
pituitary glycotropic factor At the arrov 
inject test dose of insulin Noto that the 
factor abolishes the hypogij crotnic response) 
to insulin 




REGULATION OF GROWTH 


941 


do not appear Even when they are of adult age they resemble attractive 
and graceful children 1 

(3) Diabetes Insipidus — See p 49 

(4) Hyperpituitarism — In both gigantism and acromegaly an eosinophil 
adenoma of the anterior lobe of the pituitary is present (p 44) The 
skeletal changes m these conditions were described on p 934 and are due 
to over-secretion of the growth hormone The other important features 
of acromegaly are as follows (l) Glycosuria of extreme variability (some of 
these cases may die in diabetic coma) , it is reheved by insulin (n) There 
is considerable connective tissue hyperplasia — the subcutaneous tissues of 
hands, feet, nose, scalp, and hps are markedly thickened , the skm is stiff 
and inelastic Deep corrugations are present in the palms of the hands and 
on the scalp (m) Sweating is very profuse 

When the disease progresses, as it usually does, to hypo-activity of the 
gland, the clinical picture is altered The skeletal changes are, of course, 
fixed and cannot be affected Sexual activity diminishes — the males become 
impotent and, m the female, the menstrual flow ceases There is excessive 
deposition of fat m the subcutaneous tissues Gradually increasing weakness 
develops, and finally death results 

The tumour may press on adjacent structures, eg on the decussating 
fibres in the optic chiasma, causing loss of the temporal field of vision in each 
eye (Fig 366, p 580), or on one optic nerve, causing unilateral bhndness 

(5) Cushing’s Syndrome — See p 965 

REGULATION OF GROWTH 

Regulation of Growth 2 — A distinction must first be drawn between 
growth and differentiation Growth consists in an increase m the number 
and size of the cells of an organ or tissue , by differentiation is meant the 
transformation of a homogeneous group of cells into two or more groups 
of cells differing with respect to histological or physiological properties The 
increase m the size of the fertilized ovum as a result of the initial stages of 
cell multiplication is a process of simple growth , the subsequent formation 
of the speciahzed layers of ectoderm, mesoderm, and endoderm is a process 
of differentiation The processes of differentiation which lead to the appear- 
ance of the many specialized organs and tissues of the foetus form one of 

1 Another classical syndrome hitherto attributed to juvenile hypopituitarism is the 
Bnssaud type, exemplified by the “ fat boy ” (Joe) in Dickens’ Pickwick Papers It is 
more probable however that this condition results from a lesion of the hypothalamus 
The outstanding symptoms in Joe’s case were gluttony, gross obesity (“ the leaden eyes 
which twinkled behind his mountainous cheeks leered horribly upon the food as he 
unpacked it from the basket”) and frequent attacks of somnolence, the obesity was 
presumably secondary to the greed “ On the box sat a fat and red faced boy in a state 
of somnolency Joe 1 — damn that boy, he’s gone to sleep again — Joe, let down the 

steps Mr Winkle mounted to the box, the fat boy waddled to the same perch and 

fell fast asleep instantly ” During the military exercise at Rochester “ everybody was 
excited except the fat boy and he slept as soundly as if the roaring of cannon were his 
ordinary lullaby ” “ He’s always asleep Goes on errands fast asleep and snores as he 

waits at table ” A similar condition has been produced by appropriate experimental 
hypothalamic lesions 

1 White House Reports, Growth and Development of Child, Pts I -IV , New York, 
1932 
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the subject matters of embryology and will not be considered here During 
the first three months of human mtra-utenne life little actual growth takes 

place , this process is greatly 
accelerated during the later months 
of pregnancy After birth the 
general growth curve shows four 
distinct phases (Fig 599) (i) a 

rapid increase during infancy and 
especially m the first year (from 
8 to 20 lb in weight) , (n) a slow 
progressive growth from the age of 
3 to 12 , (m) marked acceleration 
round about puberty, from the age 
of 12 to 15 , (iv) a slow terminal 
increment The growth curve shows 
distinct sex differences Until just 
before puberty the boys are heavier , 
the earlier incidence of puberty in 
girls causes them to lead temporarily , 
but after the age of 15-16 the boys gam once more and maintain their 
advantage throughout adult life These sex differences apply not only to 
growth as a whole, but also to that of the individual organs 

The general growth curve applies to the skeleton as a whole, the muscles, 
and the viscera in the thorax and 
abdomen (Fig 600, curve C) Certain 
parts of the body have distinctive 
growth curves Three mam specialized 
types are recogmzed 

(i) Neural type — There is a rapid 
initial increase in size, so that the 
organs reach almost their final maxi- 
mum in the first few years This 
applies to the brain as a whole and 
its various parts, the spinal cord, the 
eye and other parts of the visual 
mechanism, parts of the auditory 
mechanism, and, naturally, to the 
size of the head (but not of the face) 

(Fig 600, curve B) 

(ii) Lymphoid type —The lymphoid 
tissues including the thymus (and, be 
it noted, the tonsils and adenoids) 
normally reach their peak at puberty, 
after which they decline to the adult 
level (Fig 600, curve A) 

(m) Reproductive type — The 
gonads and the accessory organs of 
reproduction remain quiescent till 
puberty, when growth sets m and continues rapidly throughout adolescence 

(Fig 600, curve D) 
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Fig 600 — Growth Curves of different 
Types of Organs {White House 
Reports, 1932 ) 

A lymphoid type C General type 
B Neural type I) Reproductive type 



Fig 599 — General Growth Curve in Males and 
Females {White House Reports, 1932 ) 
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Factors Controlling Growth — The degree and rate of growth is 
influenced by many factors 

(1) The inherent properties of the fertilized ovum itself, which depend 
on the characters present in the chromosomes of the sperm and ovum 
Growth thus varies in different races and in different members of a race 
The internal and external environment of the body can at best bring out 
the growth potentialities to the full, but can normally do no more , on the 
other hand, imperfections m the environment may lead to a failure to reahze 
the maximum inherent growth possibilities 

(2) Ill-health from any cause temporarily depresses general growth, but 
during recovery the lost ground is made good again, more or less completely 

The factors influencing growth about which most is known are the 
dietetic and endocrine 

(3) Role of Diet — On pp 1051 et seq is set out our present state of 
knowledge of the composition (quahtative and quantitative) of a satisfactory 
diet If the diet is deficient in any way, growth will be impaired It is highly 
lik ely that present so-called “ normal ” standards for height and weight do 
not represent the maximum potentialities, but are average findings m people 
who have not had a perfect diet In many instances supplementary rations 
of milk and other high quahty foodstuffs have produced higher growth 
standards in seemingly normal children 

(4) Role of Endocnnes — The growth hormone of the anterior pituitary 
(p 934) regulates the growth of the skeleton, muscles, and viscera The three 
gonadotrophic hormones (p 1083) regulate the growth (and differentiation) 
of the gonads, the sex hormones (pp 1075, 1104) m their turn control the 
growth (and development) of the accessory organs of reproduction The 
thyroid (p 986) regulates general growth, presumably by its action on tissue 
metabolism , pituitary thyrotrophm acts indirectly via the thyroid The 
parathyroid glands (p 1008) are related to the integrity of the skeleton 
rather than to its growth , m certain tumours of the adrenal cortex, growth 
may be modified (p 967) The special growth changes that occur durmg 
pregnancy in the uterus, vagina, breasts, and elsewhere, are controlled by 
hormones (for references see p 1087) 

THE ADRENAL CORTEX 1 

The adrenal gland is made up of two distinct organs, the adrenal cortex 
and the adrenal medulla, which differ m their histological structure, com- 
parative anatomy, development, and functions 

Structure of Adrenal Gland — (1) Adrenal Medulla — The medulla 
consists of irregularly arranged cells, some polyhedral and others indefinite 
in shape, which contam granules of the internal secretion, probably adrenaline 
and nor-adrenahne Oxidizing agents hke dichromates (or lodates) convert 
the granules into a brown oxidation product which gives a characteristic 
colour to the cells , for this reason the medullary cells are sometimes referred 
to as chromaphil tissue The medulla has a rich sympathetic innervation 
Its physiology is dealt with fully on pp 723 et seq 

(2) Adrenal Cortex — The cortex of the gland consists of columns of 

1 Noble, m The Hormones, N Y , 1950, 2, 65 Symposium, Ann N Y Acad Set , 
1949, 50, 609-678 
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polyhedral cells with well-marked nuclei The cells are arranged in three 
zones ( 1 ) outer zona glomerulosa where the cells he with their long axis 
parallel to the surface , (u) middle zona fasciculata which consists of col umn s 
which he vertical to the surface , (in) inner zona reticularis where the cells are 
arranged irregularly, leaving wide blood spaces The cortex has no nerve 
supply 

The cells of the cortex have a high hpide content , the chief constituent 
is cholesterol, mainly m the ester form, which is the precursor of the adrenal 
cortex hormones ( corticoids ) The lipide granules are readily stained with 
Sudan III ( sudanophil granules) Sections stained m this way, obtained from 



Fig 601 — Histological Appearance of Adrenal Cortex Stained with Sudan III 
under Different Conditions (Sayers and Sayers, Recent Progress Hormone 
Research, 1948, 2, 81 ) 

Adrenal Corte\, 21 day old male rats Black and white reproduction of sections stained with 
Sudan III Dark staining material is sudanophil substance, mainly (90%) cholesterol esters 

1 Control Note deep staining of zona glomerulosa with narrow clear band deep to it Zona 

fasciculata is deeply stained , zona reticularis is unstained 

2 Three hours after injection of 2 mg of ACTH Almost complete disappearance of sudanophil 

granules 

3 Twenty four hours after a series of injections of ACTH over a period of three days The cortex is 

hypertrophied and packed almost uniformly with sudanophil granules 


an animal under good environmental conditions, show a narrow clear area 
deep to the zona glomerulosa , the zona reticularis is also poorly stained 
(Fig 601) The cortex is also rich m ascorbic acid which is possibly con- 
cerned with the synthesis of the corticoids The size of the cortex, its 
histological appearance and chemical composition vary widely with different 
environmental conditions 

The physiology of the adrenal cortex is dealt with fully below 

Comparative Anatomy — In elasmobranch fishes no adrenal gland is 
present Lying between the two kidneys is an elongated body, the inter-renal 
body which structurally closely resembles the mammahan adrenal cortex 
Adjacent to the ganglia of the lateral sympathetic chain are masses of cells 
giving the chromaphil reaction, which together represent the adrenal medulla 



EFFECTS OF ADRENALECTOMY 


945 


Embryology — The adrenal cortex is mesoblastic m origin and develops 
from a thickening of the coelomic epithelium on either side of the root offthe 
mesentery The adrenal medulla is developed from a mass of cells' which 
first he close to the root ganglia, and later migrate out to differentiate into 
the sympathetic nervous system and the chromaphil tissue 1 

Effects of Adrenalectomy — The adrenal cortex is essential to life 
If both adrenal glands are completely removed death results m most species 
in 4 or 5 days unless accessory cortical tissue is present If the medulla 
alone is destroyed or if a small fragment of cortical tissue is left m the 
body no serious effects are observed Complicated disturbances follow on 
adrenalectomy 

(i) The animal loses weight rapidly and becomes weak and uncertain on 
its legs 

(n) There are marked changes in fluid and ionic balance, which are m 
the mam secondary to disturbed renal function 

(m) The metabolism of carbohydrate, protein, and fat is deranged 

(iv) Death finally occurs chiefly from circulatory and renal failure 

Injection of adrenal cortex extracts into an adrenalectomized animal 

produces marked benefit or full recovery The active agents are termed 
corticoids All those that have been isolated in a chemically pure state are 
steroids In addition a highly active amorphous material of unknown 
chemical composition ( amorphous fraction) has been extracted from the 
gland No one knows for certain which of the adrenal steroids is the actual 
internal secretion of the gland Opinions differ as to whether the cortex 
secretes one, two, three or even more separate hormones There is also a 
common tendency (which must be avoided) to regard the adrenal steroid 
which happens to be available in largest amount for experimental or clinical 
study as the natural hormone of the gland 

The chemistry and actions of the adrenal steroids are discussed on 
p 957 

Functions of Adrenal Cortex — The chief known functions are 
summarized below 

(1) (l) It acts on the renal tubular epithehum stimulating the reabsorption 
of Na+ (and less regularly of Cl') into the blood thus conserving the Na+ 
(and Cl') content of the extracellular fluids It depresses the reabsorption 
of K+ Disorders of ionic and fluid balance occur m states of decreased or 
increased cortical activity 

(n) It acts similarly on the sweat glands and possibly on other glands 
(e g the salivary) decreasing the Na+ (and more irregularly the CT) content 
of the secretion 

(2) The adrenal cortex regulates general metabohsm, i e that of carbo- 
hydrate, protein, and fat 

(l) Adrenal cortex extracts are diabetogenic 2 Like the anterior pituitary 

1 Accessory Adrenal Tissue — Accessory adrenal tissue is found in various regions 
m mammals Common situations for accessory cortical tissue are the retropentoneum, 
the surface of the kidney and liver, the space between the testis and the epididymis in 
the male, and the vicinity of the broad ligament in the female Accessory chromaphil 
tissue may he found m the sympathetic gangha and m front of the abdominal aorta 

2 As explained on p 936, in some species the diabetogenic aotion is mainly due to 
growth hormone, m others it is mamly due to ACTH stimulating the secretion of adrenal 
corticoids 
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diabetogenic factor they stimulate neoglucogenesis m tlie liver from a mm o 
acids , they also min bit the uptake of glucose by the tissues by preventing 
its conversion into hexose phosphate (p 913) 

(n) Adrenal cortex extracts promote the breakdown of tissue protein to 
ammo-acids 

(m) They mobilize fat from the depots and mcrease its breakdown m the 
liver into ketone bodies 

(iv) Unhke anterior pituitary extracts they mcrease the deposition of 
glycogen m the liver 

(v) In the mam the effects on metabohsm of adrenalectomy resemble 
those of hypophysectomy Over-secretion of the adrenal cortex produces a 
condition resembling mild diabetes melhtus 

(3) The adrenal cortex through its hormone enables the body to cope 
more effectively with adverse environmental conditions designated collectively 
states of stiess The exact way m which this beneficial influence is produced 
is not known (p 947) 

(4) The adrenal cortex controls the activity of the lymphoid tissues 
and the blood eosmoplnl level (p 951) 

Control of Activity of Adrenal Cortex — The mam regulator of the 
activity of the adrenal cortex is the anterior pituitary through its hormone 
adrenocoriicoU ophm ( ACTH , eorlicotrophm) It controls the growth of the 
cortex, maintains the structural and functional integrity of its cells and 
stimulates its secretory activity The methods of study include 

(i) Determination of the size of the adrenal cortex 

(n) Histological examination for changes m the size of the individual 
cells and the distribution and amount of sudanophil granules (which are 
directly related to the cholesterol ester content) 

(m) Chemical determination of the concentration m the cortex of 
cholesterol esters (the precursors of the corticoids) and ascorbic acid (which 
may be involved m corticoid synthesis) 

(iv) Changes in the organs, tissues and body fluids which are attributable 
to the action of secreted adrenal corticoids Useful clinical indices are the 
blood eosinophil count (p 951) , the Na+ content of sweat (p 952) , the 
amount of neutral 17~ketosteroids and corticoids (so-called 11-oxysteroids) 
excreted in the urine (p 952) 

Action and Role of Adrenocorticotrophic Hormone (ACTH) — 
The action of ACTH m man is mamly discussed elsewhere (pp 951, 964) 
Its role m regulating adrenal cortex activity is considered below 

(1) Effects of Hypophysectomy — This is followed by atrophy of the 
adrenal cortex As the conversion of the precursors into active hormone 
and its secretion into the blood is greatly depressed, the cells remain well 
filled with cholesterol esters and ascorbic acid The secretory activity of 
the coitex does not wholly cease but continues at a low level, which is 
adequate for optimal environmental conditions, but not for conditions of 
stress The animal does not die of adrenal insufficiency Similarly, patients 
with Simmonds’ disease (in which the anterior pituitary is severely damaged) 
do not show signs of Addison’s disease 

(2) Injection of ACTH — This profoundly affects the adrenal cortex 
A single injection causes rapid secretion of corticoids with exhaustion of the 
store of precursors the sudanophil granules disappear and the concentration 
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of cholesterol esters and ascorbic acid falls rapidly (Pig 601) Subsequently 
the precursors are fully restored 

The gland cholesterol is derived partly from blood cholesterol , after 
an injection of ACTH the level of blood cholesterol ester temporarily falls 
The gland cholesterol may also be synthesized locally from “ acetic acid 
fragments ” (p 799) 

If the injections of ACTH are continued over a period of days, the 
rate of replacement of the 
precursors rises and keeps pace 
with the rate of secretion The 
gland becomes considerably 
enlarged (Pig 601) and well 
packed with sudanophil granules 
which also extend into the 
deeper part of the cortex (zona 
reticularis) , the concentration 
of cholesterol esters and ascorbic 
acid remains normal Changes 
occur m the organism resembl- 
ing those produced by injection 
of adrenal cortex extracts 
(p 964) ACTH has no physio- 
logical effects in the absence of 
the adrenal cortex , all its 
actions are thus mediated by 
the cortex 

(3) Over-secretion of 
ACTH produces a syndrome 
of hypercortism ( Cushing’s 
syndrome , p 965) 

(4) Response to Stress — 

Many adverse conditions ( stales 
of stress ) internal and external 
cause a secretion of adrenal 
corticoid These include the Fig 602 — Response of Adrenal Cortex to Stress 
administration of anaesthetics (Sayers and Sayers, Recent Progress Hormone 

hke chloroform or ether, in- Research, 1948, 2, 81 ) 

jection of insulin producing Uppe s t« a e 3 c0rd TyP ° 1 res P onse ’ to eudden ■hort-la.tins 
hypoglycemia, diphtheria or Lower Record Type II response, to gradual persisten 
tetanus toxin, infectious For description see text 
diseases, histamine, haemor- 
rhage, traumatic shock, external heat or cold, anoxia and muscular exercise 
The histological changes m the cortex depend on whether the stress is mild 
or severe, develops quickly or gradually, is short-lasting or prolonged All 
the changes to be described depend on the integrity of the hypophysis, % e 
they are mediated by ACTH Several types of reaction may be recogmzed 1 

(l) Type I the stress is sudden and short-lasting (eg a short bout of 
exercise, a non-fatal haemorrhage of one hour’s duration, very short-acting 
drugs) There is an immediate discharge of hormone into the blood The 
1 Sayers and Sayers, Recent Progress Hormone Research, 1948, 2, 81 
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sudanoplnl granules disappear, the cholesterol and ascorbic acid content 
falls At this stage the rate of precursor breakdown exceeds that of 
re-formation Later full recovery occurs and the gland becomes slightly 
enlarged (Fig 602) 

( 11 ) Type II the stress develops very gradually and acts for a long time 
{eg pregnancy, external cold or heat) The gland progressively enlarges 

as the cells increased m number 
The secretion of the hormone is 
correspondingly increased but the 
precursors are re-formed as rapidly 
as they are broken down (Fig 602) 
(m) Type III overwhelming 
stress ending in death (e g fatal 
acute infection or hsemorrhagic 
shock) The gland is completely 
depleted of its store of precursor , 
some hypertrophy occurs A 
massive secretion of hormone is 
presumably taking place (Fig 
603) 

(iv) Type IV recovery from 
severe stress (e g severe chronic 
anoxia) Following the initial 
period of exhaustion (as m Type 
III) the hypertrophied gland 
becomes refilled to a greater 
extent than normal with pre- 
cursors (Fig 603) 

(5) Mechanisms of Response 
— The question arises, how does 
the stress stimulus cause a secretion 
of ACTH and consequently a 
secretion of corticoids 2 The follow- 
ing possibilities must be con- 
sidered 

(i) Nervous Mechanism — 
Stimulation of the hypothalamus 
causes a secretion of ACTH 
The hnk between the hypo- 
thalamus and the anterior 
pituitary is not a direct nervous 
one , but a chemical mediator 
(“ neurohumour ”) is formed m the hypothalamus which is carried m the 
local blood supply to the anterior pituitary as explained on p 931 The 
state of stress may stimulate appropriate afferents or certain parts of the 
central nervous system and thus lead to hypothalamic activity which causes 
secretion of ACTH 

(u) Humoial Mechanism 1 — The secretion of ACTH might be regulated 
by the blood level of the hormone formed by the gland on which it acts 

1 Sayers, Physiol Rev , 1950, 30, 241 
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(i e the blood level of adrenal corticoid) , a rise of blood corticoid level 
might inhibit AOTH secretion by a direct action on the pituitary, while a 
fall of blood corticoid might increase ACTH secretion Such a “ pifcuitary- 


CNS 



Adrenal. 


Fig 604 — Inter-relationship of Hypothalamus, Anterior 
Pituitary, and Adrenal Gland 

adrenal cortex axis ” would maintain a steady blood level of corticoid in the 
same way as the “ pituitary-thyroid axis ” maintains the blood thyroxine 
level It is supposed that states of stress cause increased utilization of 
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corticoids in tlie affected tissues and consequently a fall m tlieir blood level 
leading secondarily to a compensatory secretion of ACTH and an increased 
discharge of corticoids from the adrenal cortex It is worth mentioning by 
way of caution that almost nothing is known about the fate of the corticoids 
m the tissues on which they act (so-called “ target cells ”) The following 
types of experiment support the hypothesis set out above 

{a) An animal is subjected to stress and simultaneously an active adrenal 
cortex extract is injected If the dose has been accurately judged there are 
no histological or chemical changes in the adrenal cortex The injected 
corticoids have thus prevented the fall of blood corticoid which is normally 



Fia 605 — Diurnal Variations in Eosinophil Count in Normal 
Subjects (Thorn et al , J elm Endocnn , 1950, 10, 19S ) 

produced by stress , in consequence ACTH is not secreted and the cortex 
does not respond Such experiments also enable the amount of corticoid 
secreted m various states of stress to be roughly measured 

(b) Injection of adrenal cortex extracts into an intact animal causes 
adrenal atrophy , the rise of blood corticoid has inhibited ACTH secretion 
I Conversely partial removal of the adrenals, by reducing corticoid secretion, 
stimulates the pituitary and the excess ACTH released causes hypertrophy 
of the remaining cortical tissue 

(in) Adrenaline as Mediator — Injection of adrenaline causes secretion of 
ACTH, probably owing to a direct action on the pituitary gland Any 
condition, therefore, which causes the secretion of an adequate dose of 
adrenaline may lead secondarily to a secretion of corticoids (p 728) 

The mechanisms which are probably concerned in regulating the activity 
of the adrenal cortex are summarized m Fig 604 
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Clinical Indices of Corticoid Secretion 1 — (1) Blood Eosinophil 
Count — The normal eosinophil count m the blood m man is 50-500 per 
c mm , the fluctuations in any individual during the 24 hours are, 
however, comparatively small (Fig 605), though the count tends to rise m 
the afternoon 

If adequate control counts have been made, a change of 40% or more 
produced experimentally is significant 

(i) Injection of adrenal cortex extracts markedly lowers the eosinophil 
count , liow the change is produced is unknown 

(u) A similar result is obtained by injecting ACTH which acts solely by 
releasing adrenal corticoids (Fig 606) ACTH is still effective m rats after 



Fig 606 — Effect of ACTH on Eosinophil Count in 
Normal and Adrenalectomized Rats (Thorn 
et al , J elm Endocrm , 1950, 10, 203 ) 

Ordinate % change in eosinophil count 
120, 80, 40=120%, 80%, 40% of control level (100 = control 
level) 

destruction of the adrenal medulla , it produces no change m the eosinophils 
after complete adrenalectomy (Fig 606) 

(in) Intravenous injection of adrenaline stimulates a secretion of ACTH 
and thus of adrenal corticoid and so lowers the eosinophil count Adrenaline 
fails to produce a response after hypophysectomy or after adrenalectomy 
(% 607) 

These observations are of great interest clinically and experimentally If 
suitable controls have been carried out an experimentally induced fall of the 
eosinophil count is proof of the occurrence of corticoid secretion , the amount 
of corticoid thus secreted can be assessed by determining the dose which 
produces an equivalent change in the eosinophils Using this technique, it 
can be confirmed m man that many types of stress and disease cause corticoid 
secretion, e g surgical operations, trauma, infections, cardiac infa rction The 
eosinophil response can also be used to assess the functional state of the 
anterior pituitary and the adrenal cortex m patients 

1 Hills et al , Blood, 1948, 3, 755 Thom el al J elm Endocrm , 1950, 10, 187 
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Clinical Procedures — (i) Adrenaline Test —Infuse 0 2 mg of adrenaline 
m 200 c c of saline intravenously m one hour In normals the eosmophil 
count 4 hours later falls on an average by 60% In patients with severe 
hypopituitarism or Addison’s disease no change occurs (Pig 608) 

Total White Cell Response to Adrenaline — With the dose indicated the 
total white cell count after 4 hours is increased owing to a rise in the 
neutrophils , there is an irregular rise m the lymphocytes followed by a fall 
(u) ACTH Test — Inject 25 mg of ACTH intramuscularly In normals 
the average fall in the eosinophils 4 hours later is 75% In Addison’s disease 
there is no response In hypopituitarism the response is smaller than normal 
owing to the atrophic condition of the adrenal cortex (Pig 608) 



Hours 

Fig 607 — Effect of Adrenaline on Eosmophil 
Count in Normal and Hypophysectomized 
Rats (Thorn et al , J elm Endocnn , 1950, 
10, 206 ) 

Ordinate % change in eosmophil count 
100 = control level 

150, 50=150%, 50% of control level 


(m) Corticoid Test — A positive response with this test proves that that 
unknown peripheral mechanisms which lower the eosmophil count are 
reactive The adrenal amorphous fraction, cortisone and compound P 
lower the eosmophil count in man , this result leaves them on the “ short 
list ” as claimants to the title of the natural cortex hormone Desoxy cortico- 
sterone is ineffective 

Cushing’s Syndrome — In this condition, which is associated with hyper- 
corticalism, the eosmophil count, as expected, is low , the finding is of 
diagnostic value (p 967) 

(2) Na+ Content op Sweat as Index op Corticoid Secretion — As 
explained on p 945 the adrenal corticoids decrease the Na+ content of 
sweat (Fig 611) Changes in the composition of the sweat thus reflect 
alterations m the rate of corticoid secretion 

(3) Excretion of Neutral 17-ketosteroids and Adrenal Corti- 
coids in the Urine 1 — (l) The Yl-ketosteroids (as their name suggests) are 

1 Mason and Engstrom, Physiol Rev , 1950, 30, 321 
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steroids with an =0 attached to the C m the 17 position (as for example 
m androsterone, Fig 610) 1 These ketosteroids are end-products of eorticoid 
metabolism m both sexes, but m the male they are also produced to a small 
extent by the testis [Though oestrone, which is excreted m the urine m 
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Fxo 608 — Effect of Adrenaline and ACTH on Eosinophd Count m Normal Subjects, 
in severe Addison’s Disease, and in Hypopituitarism (Thorn et al , J elm 
Endocnn , 1950, 10, 221 ) 

0=ControI level 40, 80=40%, 80% decrease compared with control level 

Upper Records % change in eosinophil count 4 hours after injecting 25 mg of ACTH 
intramuscularly 

lower Records % change m eosinophil count 4 hours after infusing 0 2 mg of adrenaline 
intravenously 

The short black bars joined by a dotted line indicate the mean changes 


women, is a 17-ketosteroid, it is a phenolic ( acidic ) compound and is therefore 
not estimated in the methods used for neutral 17-ketosteroids ] The normal 
range of urinary output 1 of neutral 17-ketosteroids (m mg per 24 hr ) 
is 11-21 m men, and less m women, 4 5-19 5 In conditions of severe cortical 
insufficiency (e g Addison’s disease, Simmonds disease with cortical atrophy 
(p 931)), the output m the urine is reduced to subnormal levels, and is not 
increased by an injection of ACTH as is the case when the gland is normal 
The Table below illustrates these points 


Urinary Neutral 17-ketosteroids in mg per 24 hr 



Normal 

Addison’s Disease 

Control 

90 

30 

Inject ACTH (40 mg daily for 6 days) 

17 0 

29 


1 Butt et al , Lancet 1950, u 894 
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The ketosteroid output may be increased when there is cortical hyperplasia, 
but the increase is usually striking when a secreting tumour (especially 
carcinoma) is present Fig 609 shows that m a group of cases with simple 
hyperplasia the neutral 17-ketosteroid excretion rarely rose above 50 mg 
In the cases with carcinoma the values usually exceeded 50 mg and m some 
instances were much higher (e g 250 mg (or even 2000 mg )) The excretion 
of neutral 17-ketosteroids is therefore increased m Cushing’s syndrome and 
m the adrenogenital syndrome, but it is not a sensitive index of cortical func- 
tion and its determination is of little value m doubtful cases 

(n) Urinary Adrenal Corlicoids ( so-called 11 -oxysteroids) — These are 
substances which m their biological action and chemical properties resemble 
the natural adrenal corticoids The amount m the urme may be assayed by 
biological methods, i e it is tested for cortieoid physiological activity ( e g 



J dm Investig , 1942, 21, 560 
Ordinate Excretion of 17-ketosteroids in urine in mg per day 
Continuous line Upper normal limit of 1 "-ketosteroid excretion in 
children (left) and adults (right) 

For description see text 

power to increase liver glycogen or to prolong life m adrenalectomized 
animals), or it may be determined by chemical methods Sayers suggests that 
the terms “ biocorticoid ” and “ chemocorticoid ” might be used to designate 
respectively the substances which are thus measured The output of the 
urinary corticoids correlates well with cortical activity The normal output 
(per 24 hr ) is equivalent m biological activity to 0 1 mg of cortisone 
Cortieoid excretion is decreased m Addison’s disease and in Simmonds’ 
disease, and is increased in clinical states of hypercortism and after injection 
of ACTH if the adrenal cortex is not subnormal 

Both cortisone and compound F have been isolated from the urine m 
normal subjects and m cases of Cushing’s syndrome 

Adrenal Cortex Insufficiency Addison’s Disease 1 — Addison’s disease 
^ is the classical clinical syndrome of adrenal cortex insufficiency The 
whole gland is usually affected, cortex as well as medulla , but the clinical 
manifestations are due almost entirely to lack of cortical secretion The 

1 Gaunt et al , Physiol Rev , 1949, 29, 281 Thorn el al , Adrenal Insufficiency, 
Oxford, 1949 Sorkin, Medicine, 1949, 28, 371 
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lesions most commonly found are simple atrophy and tuberculous infection 
The mam clinical features are muscular weakness, low blood pressure, 
pigmentation, complex changes m fluid and ionic balance and m general 
metabolism, and terminally, renal and circulatory failure 
The detailed account that follows is amplified where necessary by reference 
to findings m adrenalectomized animals 

(l) Alteration in Ionic and Fluid Balance — (1) There are character- 
istic changes m the ionic' composition of the plasma (a) There is generally 
a fall m plasma Na* to 135 m Eq /L or less (average normal, 142 m Eq /L) 
Thus m one series of patients the plasma Na+ value at some stage of the 
disease was between 115 and 130 m Eq /L 

(b) Less regularly there is a rise of plasma K + , values exceeding 6 m Eq /L 
(23 5 mg-%) are pathological (average normal, 5 m Eq /L=19 5 mg-%) 

(c) A fall of plasma C T (average normal, 103 m Eq /L) and of bicarbonate 
(alkali reserve), (average normal 60 c c of CO 2 /100 c c of plasma) is common 
The plasma changes are probably brought about as follows 

(а) There is a primary derangement of the mechanisms concerned with 

reabsorption of Na+ and K + by the renal tubular epithehum There 
is decreased reabsorption of Na+ and therefore increased loss m 
the urine plasma Na + consequently falls On the other hand 
there is increased reabsorption of K + and, therefore, decreased loss 
m the urine , plasma K + consequently rises As the fall m plasma 
Na+ exceeds the rise m plasma K + the total concentration of plasma 
cations decreases 

(/S) The treatment of Oh m the tubules is more variable and does not 
necessarily follow that of Na + If the reabsorption of Cl' is 
depressed to the same extent as that of Na+, there is an equivalent 
fall of Na + and Cl' in the plasma and the blood reaction is unaltered 
If there is a relatively greater loss of Na+ m the urine, some of the 
NaHCOg of the plasma loses its Na+ , there is a corresponding 
fall m the alkali reserve and a condition of metabolic acidosis 
develops 

(n) The consequent changes m the body fluids resemble those found 
m simple Na + or NaCl deficiency Ionic equilibrium is rapidly attained 
between the plasma and the interstitial fluid Owing to the functional 
“ impermeability ” of the tissue cell membranes to Na + , the intracellular 
crystalloid osmotic pressure initially exceeds that m the extracellular fluid 
There is, therefore, a flow of water from the extracellular into the intracellular 
fluid The plasma volume is decreased the plasma protein concentration, 
the red cell count and the haemoglobin concentration are all increased, i e 
there is hcemoconceniration which is secondary to the anhydrsemia 

(m) The changes m the blood lead to circulatory failure with decreased 
blood pressure and diminished blood flow to the organs 

(iv) The kidney is adversely affected m two ways (a) Its functional 
activity is very dependent on its blood supply , there is a decrease m renal 
blood flow and probably also m glomerular pressure which lead to decreased 
glomerular filtration, decreased flow of urine (or even anuria) and decreased 
excretion of nitrogenous waste products 

(б) As is explained on p 64 decreased plasma Na + depresses renal 
activity in various ways there is a further decrease in glomerular filtration, 
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a delayed or inadequate response to water drinking (which thus causes an 
excessive accumulation of body fluid) and a diminished excretion of urea (cf 
p 65) The kidney also fails to make ammonia to compensate for the 
acidaemia 

(v) The fatal outcome is due to the combined effects of circulatory and 
renal failure, including the changes m the blood composition 

(vi) The lack of ionic balance is probably responsible for certain metabolic 
disturbances such as impaired absorption of carbohydrate and fat from the 
small intestine, decreased metabolic rate and loss of appetite 1 

(vn) All the changes enumerated above (i-vi) can be rectified by giving 
a diet rich m Na+ (eg 10 g of NaCl daily) and poor m K + S imil ar 
improvement can be produced without necessarily changing the diet by 
administration of (a) the amorphous fraction of the adrenal cortex , or 
(b) desoxycorticosterone , or (c) cortisone Less hormone is needed if the diet 
is suitably adjusted The symptoms of the disease are aggravated or a 
dangerous crisis may be precipitated by restricting the intake of sodium 
chloride 

Clinical Tests — Two tests of adrenal insufficiency are based on the 
disturbances described above 

(a) The response to water drinking is tested (Robinson’s test) , the 
resultmg diuresis develops more gradually m patients than m normal 
subjects 

(b) The patient’s ability to maintain the plasma Na+ concentration within 
normal limits, when the Na + intake is drastically reduced, is tested The 
Na + intake is reduced to less than I g daily and hormone treatment (if 
any was being given) is stopped In a case of Addison’s disease, even if 
the plasma Na+ was previously normal it will fall below 135 m Eq [L within 
a few days, and the characteristic symptoms of the disease appear or become 
aggravated The patient must be carefully watched as intensive treatment 
must be started should the clinical state deteriorate 

(2) Changes in General (Carbohydrate, Protein, and Pat) Meta- 
bolism — These changes occur m adrenalectomized ammals and m patients 
even when the diet is rich m Na + and poor in K + The results of adrena- 
lectomy resemble m many respects those of hypophysectomy It should be 
remembered that the pitiutary diabetogemc factor is partly ACTH and that, 
m the mam, the adrenal cortex is an antagomst to insulin 

(i) Blood Sugar — (a) Owing to cortical deficiency, tissue protein is not 
broken down to ammo-acids to be subsequently used for glucogenesis , 
si milar ly hepatic glucogenesis from ammo-acids is depressed , tissue uptake 
of glucose is perhaps increased As a result the blood sugar falls slightly 
even m the well fed adrenalectomized animal But if the animal is starved 
the failure of glucogenesis causes a severe and possibly fatal hypoglycemia 
Some degree of hypoglycemia is common m patients with Addison’s disease 
and produces its characteristic symptoms 

(6) There is excessive msuhn sensitivity , i e a small dose of msulm 
produces a marked fall of blood sugar, followed by a slow recovery 

(c) Liver glycogen stores are low 

(u) Muscle Power — The muscles are weak and quickly become fatigued 
1 Some patients may display grave symptoms of adrenal insufficiency although the 
ionic balance is normal 
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on stimulation The cause of the weakness is not known with certainty It 
may be due to the abnormal lomc pattern in the body fluids , it is usually 
benefited by administering Na+ salts and corticoids which raise plasma Na+ 
In a few patients, power is not increased by these measures Experimentally, 
the power of adrenalectomized animals is improved by infusions of glucose 
or injection of “ glucocorticoids,” suggesting that a defect of carbohydrate 
and related metabolism is a responsible factor 

(3) Blood Pressure — The blood pressure is commonly low , values of 
90 mm systohc, 65 mm diastolic are typical The patient may become 
dizzy and faint when passively tilted from the horizontal to the erect position 
If a state of “ crisis ” develops still lower values occur The blood pressure 
is raised to normal and even to abnormally high levels by Na+ salts and by 
corticoids hke desoxycorticosterone 

(4) Pigmentation — The pigment which is deposited m the skin is 
melanin, derived from tyrosme by the action of the enzyme tyrosinase The 
cause of the pigmentation is unknown , it does not occur m adrenalectomized 
animals As tyrosine is also a precursor of adrenaline the pigmentation has 
been accounted for as follows the destruction of the adrenal medulla leads 
to the accumulation of tyrosine which would normally be converted into 
adrenaline , this unused tyrosme is transformed into melamn This 
explanation is inaccurate as pigmentation may occur in patients in whom 
the medulla is intact It has been suggested that the enzyme reactions 
leading to melanin formation may be under hormonal control , the pig- 
mentation is, however, httle affected by administration of corticoids 1 

(5) Nausea and Vomiting are common , they are attributed to loss of 
Na+ and to acidaamia The similarity between many of the findings m 
Addison’s disease and sodium chloride deficiency must be emphasized (p 65) 

(6) Crisis — Acute cortical insufficiency produces the so-called crisis 
There is vomiting, apathy, drowsiness and signs of dehydration , the blood 
pressure falls to a very low level , the terminal signs are delirium, coma, and 
evidence of grave renal failure 

(7) Terminal Changes in Adrenalectomized Animals — Towards the 
end many metabolic processes are depressed , the rate of deamination of 
amino-acids, the rate of formation of ketone bodies (in the hver) and their 
utilization by the tissues, phosphorylation processes m general, and the level 
of tissue 0 2 consumption are all decreased , body temperature finally falls 
These changes are apparently secondary to the lomc disturbances as they 
clear up when the latter are corrected 

(8) Urine — In adrenal cortex deficiency the urinary excretion of the 
neutral 17-ketosteroids is reduced The excretion of the corticoids m the 
urine may cease (p 954) 

Active Principles of Adrenal Cortex Corticoids 2 — It is customary 
to divide the physiologically active substances which can be extracted from 
the adrenal cortex into two categories (i) crystalline components , (n) the 
amorphous fraction 

(1) Crystalline Compounds — About 50 have been isolated from the 
adrenal cortex or synthesized but of these only a few possess corticoid 

* Lerner and Fitzpatrick (Melanin formation). Physiol Rev , 1950, 30, 91 

J Heard, in The Hormones, N Y , 1948, 1, 550 Hechter, Recent Progress Hormone 
Research, 1951, 6, 216 The elementary structure of the steroids is described on p 1074 
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actions, % e actions resembling m some respects those of adrenal cortex 
extracts These steroids can be divided into three mam groups (Fig 610) 

( 1 ) Oa^corticoids with an =0 or —OH grouping attached to the C m 
the 11 positions, eg corticosterone, cortisone (Kendall’s compound E), 
17-hydroxycorticosterone (compound F), and 11-dehydrocorticosterone’ 
These steroids correct the abnormalities of general metabolism (i e those of 
carbohydrate, protein, and fat metabolism) m adrenalectomized ammals 
They are generally called glucocorticoids because of their easily observed 
effects on carbohydrate metabolism 

(n) Steroids without an =0 or —OH m the 11 position, ie desoxy- 
corticoids They have no direct effect on general metabolism but they 
correct the abnormalities of ionic equilibrium in the adrenalectomized 
animal They are therefore called mmeralocorticoids The best known are 
desoxycorticosterone (deoxycortone) and desoxycortisone (compound S) 
Desoxycorticosterone acetate is commonly abbreviated to DOCA or DCA 

The subdivision into so-called gluco- and mmeralocorticoids is however 
only of limited value The mmeralocorticoids, because they restore the 
normal ionic balance, also remedy the carbohydrate and other disturbances 
which are secondary to the ionic imbalance Even more significant is the 
fact that the oxycorticoids cortisone and compound F, in suitable dosage, 
can directly influence both the ionic imbalance and the derangements of 
general metabolism Cortisone is thus as much a mmeralo- as a gluco- 
corticoid The term glucocorticoid is unsatisfactory for another reason the 
metabolism of the foodstuffs is closely inter-related , the metabohc disturb- 
ances m Addison’s disease which are corrected by the active corticoids 
involve proteins and fats as well as carbohydrates It would be more logical 
to designate the so-called glucocorticoids as metabolocorticoids 

(m) Sex hormones hke progesterone, cestrogens and androgens , the 
adrenal androgens resemble andi osterone m having an =0 m the 17 position, 
i e they are neutral 17-ketosteroids One androgen isolated from the adrenal 
is called adrenosterone Adrenal cortex extracts may contain a substance 
called cortilactin which influences the development of the breast Neutral 
17-ketosteroids of adrenal origin are normally excreted m the unne (p 952) 

(2) Amorphous Fraction — This is of undetermined composition It is 
a disconcerting fact that this material represents 90% of the activity of 
crude adrenal cortex extracts as tested by their power to maintain life and 
to regulate lomc balance m adrenalectomized ammals , the chemically 
identified steroids of the adrenal cortex represent only 10% of the curative 
activity of crude adrenal extracts 

Natural Adrenal Cortex Hormone — There is still uncertainty about 
the identity of the steroid or steioids or other active principles secreted by 
the adrenal cortex The following observations throw some light on the 
subject 

(i) The only physiological action of ACTH is to cause the adrenal cortex 
to secrete its hormones The results of injecting ACTH m normal subjects 
can be compared with the effects produced by various corticoids The 
corticoid which most closely reproduces the action of ACTH would have a 
claim to be regarded as the natural hormone or at least as one of the natural 
hormones As explained later both cortisone and compound F satisfy this 
criterion 
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Cortisone produces remarkable therapeutic effects m many conditions 
which are unassociated with adrenal deficiency It is, to say the least, a 
remarkable coincidence that the natural stimulant of the adrenal cortex, 
ACTH, is equally beneficial in these disorders (p 965) 

(n) The natural hormone should be able to abohsh all the effects of 
adrenalectomy It is found that the desoxycompounds (so-called min eralo- 
corticoids, eg desoxycorticosterone) do not correct the abnormalities of 
general metabolism The oxycorticoids cortisone and compound F produce 
a full restoration to normal , but so does the amorphous fraction 

(m) No decisive information can be obtained from a study of adrenal 
cortex extracts A substance isolated from such extracts may have been 
manufactured during the processes of isolation , or it may represent an 
intermediary product in the synthesis or degradation of the natural hormones 
Thus the sex hormones found in adrenal cortex extracts may represent 
stages in the breakdown of the true hormone The physiological activity 
of cortical extracts is very low because the hormone is not stored in the cortex 
to any extent but is formed and secreted as and when required 

(iv) It is claimed that the adrenal venous blood normally contains 
cortisone and compound F , both these substances have been found in the 
urme m normal subjects and m conditions of hypercortism Perfusion of 
the adrenals with ACTH gives a mixture of 15 corticoids in the effluent 
Perfusion with steroids shows that the adrenals can cause hydroxylation 
(substitution with OH) at C llt C 17 , and C 21 

No definite conclusion can be reached If there is only one natural 
adrenal hormone it probably resembles m its properties cortisone or com- 
pound F The significance of the amorphous fraction remains unknown In 
the adrenogenital syndrome the adrenal cortex undoubtedly forms and 
secretes into the blood large amounts of androgens or oestrogens or possibly 
a lactogen (cortilactm) It may be argued that as the adrenal gland in these 
cases is diseased its metabolism is disordered, and that m consequence it is 
releasing products which differ from the normal hormone No other example 
however is known of a hypersecretmg ductless gland producing an abnormal 
product , in the case of all the other glands when there is hypersecretion, 
more of the normal hormone is released 

It is claimed by some that m addition to an oxycorticoid, the cortex also 
secretes a desoxycorticoid , 

Actions of Adrenal Corticoids — (1) Minute amounts of Amorphous 
Fraction (1-2 /zg per kg per day) restore the lomc balance and full health 
m adrenalectomized dogs , even very large doses are harmless m normal 
animals and do not disturb the ionic balance 

(2) Desoxycorticosterone (Deoxycortone) — Owing to the difficulty 
and the expense of preparmg potent adrenal extracts, the substance hitherto 
generally used clinically in the treatment of Addison’s disease has been the 
synthetic and inexpensive compound deoxycortone, generally used as the 
acetate (DOCA, DCA) It is commonly implanted as pellets under the skm 
and produces a long-lasting effect , 

In suitable doses it corrects the ionic and fluid disturbances of Addison s 
disease It acts on tlie renal tubules (and sweat glands) causing increased 
retention of Na + , more Cl' is generally retained also , the excretion of Kt 
(and phosphate) is increased There is an increase in plasma volume, a rise 
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m blood pressure and an increase m muscular strength DOCA represents 
only a partial form of replacement therapy as it does not correct the 
abnormalities of general metabohsm , it does not prevent hypoglycremia 
It has no effect on the eosinophil count It has, however, considerably 
prolonged the expectation of hfe m patients with Addison’s disease 

Toxic Effects of Deoxycortone — ( 1 ) Large doses produce toxic symptoms 
in 'patients There is excessive retention of Na+ and CT and secondarily of 
water, leading to increased plasma volume, extensive oedema, hypertension, 1 
and cardiac embairassment , the stores of K + are depleted and prostration 
may occur The plasma Na + may exceed 140 m Eq /L and the plasma K + 
may fall below 3 m Eq /L The symptoms are aggravated by a high NaCl 
intake When deoxycortone is used m the treatment of Addison’s disease it 
is best combined (for safety) with a reduced Na+ and high K+ intake 

(n) In experimental animals , overdosage with deoxycortone is alleged to 
produce (in addition to hypertension) pathological changes m many organs , 2 
these include malignant nephrosclerosis, necrotic changes m the arteries 
resembling those found m periarteritis nodosa, the development of Aschoff 
bodies m the heart hke those of rheumatic fever, and joint lesions like those 
of rheumatoid arthritis The mmeralocorticoid desoxycortisone (compound S) 
produces similar lesions experimentally It is alleged that these structural 
changes can be prevented by administering suitable doses of the oxycorticoid 
cortisone 3 

(3) Cortisone 4 — Very thorough chnical and experimental studies have 
been carried out with this steroid In doses of 10-20 mg daily it maintains 
health in cases of Addison’s disease it is also beneficial m cases of Simmonds’ 
disease (p 930) Given m daily doses of 50-100 mg (or less) it has proved 
beneficial m an extraordinary range of diseases in none of which there is any 
evidence of disturbed secretion of adrenal coiticoids It is as effective by mouth 
as by intramuscular injection 

Injection of ACTH produces similar therapeutic effects m these diseases 
if the adrenal cortex is intact, presumably by releasing a cortisone-like 
substance 

The results of detailed studies of the action of cortisone are summarized 
helow 

(i) General Metabolism — (a) Like the other oxycorticoids, cortisone 
opposes in some respects the action of insulin Thus it raises the blood sugar, 
and increases neoglucogenesis. Glycosuria may develop , this is due partly 
tojdie hyperglycsemia and partly perhaps to a phlondzm-like action on the 
renal tubules paralyzing the reabsorption of glucose It aggravates all the 

1 DOCA may have a direct constrictor action on blood vessels 

2 Selye, Bnt med J , 1950, l, 203 

3 Adrenal Cortex and “ Adaptation Syndrome ” According to Selye, the bodily responses 
to “ stress ” comprise vhat he has termed the “ adaptation syndrome ” which is divided 
arbitrarily into three stages (i) an initial alarm reaction , (u) adaptation proper, when 
the body’s compensatory reactions to stress develop , and (m) a phase of exhaustion 
w Inch occurs if exposure to stress is excessive As explained on p 947, adrenal corticoid 
sccietion occurs in many states of stress (Setye, J clin Endocrin , 1946, 6, ilS ) 

4 Carhsle, Brit med J , 1950, u, 590 Hench et al , Proc Staff Mayo Clinic, 1949, 24, 
1S1 S\ mposmm, ibid , 1950, 25, 474-502 Thorn and Forsham, Recent Progress 
Hormone Research, 1949, 4, 229 Sprague ct al , J din Endocrin , 1950, 10, 289 
Sprague ct al ,Arch mt Med , 1950, So, 199 Hench el al ,Arch mt M ed , 1950,55,545 Ingle, 
J clin Endocrin , 1950, 10, 1312 Sprague et al , Recent Prog Hormone Res , 1951, 6 315 

3i 
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signs in diabetic patients On stopping cortisone treatment transient 
hypoglycemia may develop , this result is attributed to cortisone depressing 
ACTH secretion and consequently the normal activity of the adrenal cortex 
Again like the other oxyeorticoids (but m this respect acting like insulin) 
cortisone increases the deposition of glycogen in the hver 

(6) It increases Ahe._breakdown of .tissue .proteins , the released ammo- 
acids m part give rise to blood glucose as mentioned above 

(c) The effect on total nitrogenous excretion in thelmne is variable , it 
is often increased Urinary creatinine is unaffected , the output of creatine 
(if creatinuria was previously present) and of uric acid is increased The 
increase m the ratio of uric acid/creatimne or of creatme/creatimne is a 
convenient index of the urinary changes In patients with gout, uric acid 
excretion is strikingly increased by administration of cortisone , this effect 
is in part due to decreased reabsorption of uric acid from the renal tubules 
into the blood 

( d ) Cortisone may increase the mobilization and utilization of fat 

( e ) Calcium (and phosphate) excretion may be increased, resulting m 
osteoporosis 

(n) Body Fluids and Ionic Balance — Like the desoxycorticoids, 
cortisone corrects the ionic imbalance and the other body fluid (disturbances 
which are found m Addison’s disease There is thus retention of Na+ and 
water (and usually of Cl') and mcreased excretion of K+ 

In toxic doses cortisone produces the same undesirable effects as 
deoxycortone There is excessive retention of Na+ and water , if this 
condition is not dealt with by a natural diuresis, there is oedema (peripheral 
or pulmonary), ascites, congestive heart failure and hypertension (Treatment 
consists of reducing the Na + intake and administering diuretics ) 

If CT is not retained in equivalent amounts to Na+, the excess Na+ unites 
with HC0 3 ' to form sodium bicarbonate, thus increasing the plasma alkali 
reserve and producing alkalosis 

There may be excessive excretion of K + m the urine The resulting low 
serum K + causes muscular weakness (cf periodic paralysis, p 519), arterial 
hypotension and charrge^mjdie electrocardiogram (Fig 615) The symptoms 
are reheved by administering K + salts 

(ni) Muscle Power is restoied by cortisone m cases of Addison’s disease 
and in adrenalectomized animals 

(iv) Central Nervous System — The patient may feel well and cheerful , 
or he may sleep badly and become restless, excitable, or even mamacal 
Some patients become depressed The frequency of the alpha waves m the 
electroencephalogram is increased 

(v) Blood 1 — (a) As a result of cortisone treatment the lymphoid tissues, 
including the thymus, atrophy The number of circulating blood lymphocytes 
is reduced It has been suggested that there is mcreased destruction 
of lymphocytes within the lymphoid tissues 

(6) The circulating eosinophil leucocytes are decreased 

(c) Polycythsemia may be produced } 

(vi) Large doses produce some of the characteristic features of Cushing s 
syndrome, includmg rounding of the face and, m women, growth of hair on 
the face, chest, and anterior abdominal wall (hirsutism), and amenorrhcea 

1 White, Harvey Lectures, 1947—48, 1 Hams et al , J Physiol , 1950, 111, 328, 335 
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These observations suggest that Cushing's syndrome is due to hypercortism 

(p 965) ‘ 

(vu) The adrenal cortex atrophies because the raised level of blood 
cortisone depresses the secretion of ACTH 

General Therapeutic Effects of Cortisone — The therapeutic action 
of cortisone in states of adrenal cortex insufficiency, and the toxic effects 
described above, are all m keeping with what is known about the physiology 
of the adrenal cortex Cortisone, however, has beneficial effects m the 
diseases set out below m the Table (from Carlisle) m none of which is the 
adrenal cortex hioivn to be at fault Its mode of action is so far unexplained. 
Of a very large number of corticoids (natural and synthetic) so far tested, 
only compound E has been found to have therapeutic effects like those of 
cortisone 1 Even the “ diene ” of cortisone ( i e cortisone with a second 
double bond joining C 6 and C 7 ), though it prolongs life in the adrenal- 
ectomized animal, does not possess the general therapeutic actions of 
cortisone 


Response of Various Diseases to Cortisone 


Beneficial Effect 
often Dramatic 

Results Encouraging 
but Require 

Further Evaluation 

Transient 
Beneficial Effects 
Observed 

Rheumatoid arthritis 

Various allergies 

Acute leukiemia (lympho- 


Hay fever 

cytic or granulocytic) 

Rheumatic fever 

Angioneurotic oedema 


Drug sensitization 

Multiple myeloma 

Rheumatoid Bpondylitis 

Serum sickness 

Lymphosarcoma 

Still’B disease 

Acute gouty arthritis 

Hodgkin’s disease 

Psonatic arthritis 

Ulcerative colitis 

Chronic lymphatic leu 

Lupus erythematosus 
(early) 

Asthma (status asthmaticus) 

Inflammatory eye diseases 

Exfoliative dermatitis 

Pemphigus 

Regional enteritis 

Nephrotic syndrome 

Scleroderma (early) 

Dermatomyositis 

Psoriasis 

Periarteritis nodosa (early) 

Pulmonary granulomatosis 

Alcoholism (?) 

kiemia 


An important generalization about cortisone is that it blocks allergic 
hypersensitivity reactions It is consequently useful m hay '"Y"T> 

drug reactions, and serum sickness ~* e hght of the 

1 Fourman ei al , J clvn Jnveshg , 1950, 29 , 1482 


l, 345 
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In patients with, certain diseases, cortisone causes the tissues to behave as 
“ though the noxious agent was not there ” , cortisone m these people acts 
hke “ an asbestos suit against fire,” protecting the tissues from damage and 
preventing their normal responses to injurious agents, but not extinguishing 
the fire As might be expected, m most instances improvement persists 
only for as long as treatment is continued , a relapse occurs on stopping 
treatment unless m the meantime the disease has come to its natural end 1 
Clinical Action of ACTH 2 — ACTH has been obtained from the gland 
m the form of a simple protein (mol wt 20,000) 3 Clinically it can be 
employed safely and effectively When injected mto normal subjects, it 



3Tig 611 — Action of ACTH in Normal Man (Conn et al , J elm Endocrm , 

1950, 10, 12 ) 


produces in the mam the same physiological effect as cortisone, but the 
adrenal cortex is enlarged (and not atrophied) 

(1) The changes m the urine, sweat, and blood eosinophil count are well 
summarized m Fig 611, which shows the effects of injecting 50 mg of ACTH 
daily for 10 days 

(i) The Na+ and Ch content of the sweat is reduced 


1 Cortisone produces alterations m the local and general responses to injury and in 
fection Thus it depresses the formation of granulation tissue m wounds It diminishes 
the resistance of mice to experimental tuberculosis In man it diminishes or abohshes 
the tubereuhn reaction , m patients it may cause acute, spread of tuberculous infection 
It prevents or reduces tissue reaction to chemical irritants (in guinea pigs) 

2 Thom et al , J elm Endocrm , 1950, 10, 187 Conn et al , ibid , p 12 Venning 
el dl , J elm Invcstig , 1950, 10, 583 

3 j'jgtide with a mol wt of about 2500 has been prepared which is about 100 
m ’ i, 2 this protein preparation , a smaller active polypeptide of mol wt 1200 

the face, chest, 1are( j xt would seem that the physiological activity of the ACTH 
1 White, Harvey restricted part of the molecule 
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(u) There is a marked increase m urinary N on a constant diet, indicating 
that tissue protem is being broken down 

(m) Glycosuria develops This is due to hyperglycasmia and to decreased 
glucose reabsorption m the tubules 

(iv) The excretion of urinary Na + and Cl' is initially reduced, the former 
more than the latter , but after some days the effect wears off There is a 
transient washing out of K + m the urine On stopping the injections there 
is a greatly increased (compensatory) excretion of Na + and Cl' in the urine 

(v) Uric acid excretion rises 

(vi) The blood eosinophil count falls 

(vn) There is an increased excretion of both corticoids and neutral 
17-ketosteroids m the urine 

(vui) The general chnical picture produced by ACTH (as with cortisone) 
resembles Cushing’s syndrome 

(ix) ACTH has m general the same therapeutic effects as cortisone, but 
it is of course useless in Addison’s disease Its use as a diagnostic agent is 
considered on p 952 

(2) ACTH is part of the diabetogenic factor of anterior pituitary extracts 
The relative importance of ACTH and growth hormone as diabetogenic 
agents varies with the species ACTH readily produces diabetic manifesta- 
tions m man , pure injected growth hormone has so far been inert in man 

Clinical Manifestations of Hyperfunction of Adrenal Cortex 
(Hypercortism) — Two mam clinical syndromes occur 

(i) Cushing’s (“ Cortico-metabolic ”) Syndrome, m which there is 
excessive secretion of a corticoid which resembles cortisone m its actions 

(n) Adrenogenital (“ Cortico-sexual ”) Syndrome, m which there 
is excessive formation of sex hormones, either male (androgens) or female 
(oestrogen, progesterone or a lactogen (“ cortilactm ”)) 

Mixed syndromes may also occur 

Anatomical Findings — The anatomical changes found m the adrenal 
cortex are variable There may be none {i e the tissue is overactive but 
not increased m size) , or there may be simple hyperplasia , or an innocent 
or malignant tumour may be present (If the tumour cells are non-secretmg 
no endocrine disorder develops ) 

The adrenal changes may be primary or secondary Some cases of 
Cushing’s syndrome are attributed to hypersecretion of pituitary ACTH An 
adenoma of the pituitary basophil cells is sometimes present , irradiation 
of the gland (with X-rays) may lead to regression of the signs of the disease 
Changes m the pituitary, consisting of hyaknization of the basophil cells, are 
said to occur regularly m Cushing’s syndrome , but these may be secondary, 
i e produced by the elevated blood level of corticoid which is known to act 
on the pituitary In some cases of phreochromocytoma (tumours which 
secrete excess adrenaline and nor-adrenahne) some of the signs of Cushing’s 
syndrome may occur , this is an interesting observation as it is known that 
adrenaline m adequate concentration stimulates ACTH secretion (p 950) 

1 Cushing’s Syndrome (“ Corticometabolic Syndrome ”) (Hyper- 
secretion of a Cortisone-like Corticoid ) x — The mam findings are set 
out below where an attempt is made to interpret them m the light of the 
known effects of cortisone and related corticoids 

1 Kepler ci at , Recent Progress Hormone Research , 194S, 2, 345 • 
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(I) There is wasting and weakness of the skeletal muscles, especially of 
the limbs This may be due to the breakdown of muscle protein (to ammo- 
acids) and the low level of serum. K+ (cf p 520 ) 

(II) There is obesity, usually of characteristic distribution The face is 
fat (“ moon-face ”), with narrow eye-shts and a “ fish-hke mouth ” , there 
xs a “ pad of fat !! on the back in the cervico-thoracic region , there is also 
general trunk adiposity (Fig 612 ) The corticoids are known to mobihze 
and break down reserve fat , but the chmcal findings suggest that m this 



Fig 612 — Juvenile Case of Cushing’s Syndrome (Mehcow and Cahill, J elm 

Endocnn , 1950, 10, 50 ) 

Boy aged 11 

Note the moon face, narrow eye slits and trunk obesity 

The scrotum was small but the testes were well developed 

syndrome a redistribution of reserve fat occurs, % e mobilization followed by 
deposition elsewhere 

(m) The skm is thin and there are purphsh stnations where the blood 
vessels show through The changes are attributed to removal of the protein 
matrix (cf (1) supra) Acne often develops There is hirsutism (abnormal 
hairiness of the face, chest, and abdomen) All these changes are produced 
clinically by cortisone 

(iv) There is thinnin g of the bones (osteoporosis) which is due m part to 
excessive withdrawal of calcium salts and in part perhaps to loss of the 
protein matrix 
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(v) There are signs of diabetes melktus of varying grades of severity 
As explained on p 961 the cortisone-like corticoids are diabetogenic 

(vi) There are sexual changes impotence and other signs of hypogonadism 
in the male and amenorrhoea m the female These have been attributed to 
excessive secretion of oestrogen and androgen respectively , but this 
assumption is unnecessary as cortisone produces similar results 

rv(vn) The changes m plasma ionic concentration and m the volume and 
distribution of the extracellular fluids are generally small Retention . of 
Na+ and to a less extent of Cl' may occur , alkalosis may result owing to an 
increase m NaHC0 3 , serum K+ is often lowered 

(vm) Hypertension and oedema are common 

(ix) There are changes in the circulating blood cells, i e a decrease m the 
eosinophils (p 952) and in the lymphocytes Erythraemia may occur (this 
finding is unexplained) 

(x) There is increased excretion m the urine of neutral 17-ketosteroids 
and corticoids 

In a patient with Cushing’s syndrome attributed to a basophil tumour 
of the pituitary, the following findings were present before, and 9 months 
after, irradiation of the pituitary 

Before Nine months after 


Eosinophils per c mm 4 100 

Uric Acid/Creatmine in urine 1 10 0 52 

Fasting Blood Sugar m mg-% 202 70 

Blood Pressure m mm Hg 230/130 140/95 

Urinary Neutral 17-Ketosteroidsm mg /24 hr 230 9 8 

Urinary Corticoids in mg /24 hr 0 65 0 05 


Relation of Hypercoitism to (Edema and Ascites — In cardiac oedema 
(p 111) and in ascites associated with portal obstruction (p 822), there is 
increased reabsorption of Na+ from the renal tubules into the blood with 
secondary retention of water These renal changes have been attributed to 
excessive corticoid secretion 

2 Adrenogenital Syndrome — As already explained, adrenal cortex 
extracts contain oestrogens, androgens, progesterone-hke substances and 
cortilactm (a substance acting on the breasts) There is no convincing 
evidence that the adrenal cortex is normally concerned with the regulation 
of sexual functions The significance of the presence m the normal cortex 
of the substances ]ust enumerated, is unknown , it is possible that they 
may represent intermediaries on the path either of synthesis or of destruction, 
of the natural cortex hormones 1 In disease, large amounts of one or more 
of the sex hormones may be formed in the adrenal cortex with consequent 
derangement of sexual function The mam clinical syndromes are discussed 
below 

(1) Precocious Iso-sexual Development in Children — Thus, little 
girls have been known to menstruate at the age of two Little boys show 
early development of testes, perns, and secondary sexual characters , there 

1 Deoxycortone has progesterone like qualities , experimentally ovariectomatized 
monkcjs can transform deoxj cortone into pregnanediol (the normal end-product of 
progcsterono which is excreted m the urine) 
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is also precocious growth of the body as a whole resulting m the stocky, 
precociously virile " infant Hercules ” type 1 

(2) Syndromes in Adults —When the adrenal cortex produces sexual 
derangements m adults there is a tendency to conversion to the secondary 
characters of the opposite sex Thus adult women with cortical hyperfunction 
generally develop male secondary sexual characters , the condition is called 
adrenal virilism Adult males, very occasionally, show feminization 

(l) Adrenal Virilism — The changes produced by adrenal cortex tumours 
m adult females are illustrated by the following case 2 The woman was quite 
normal m appearance till early m 1933 (Fig 613) Svmptoms then developed 
she progressively became more masculine in appearance, a beard began to 



Fig 613 — Effects of Tumour of the Adrenal Cortex on Secondary Sexual Characters 
(Adrenal Virilism) (Hare, Ross, and Crooke, Lancet, 1935, u ) 

Left hand Patient in 1920 at the age of 24 Symptoms began in 1933 

Right hand Pattent in December 1934 at age of 32 Note the remarkable degree of mascuhmzation 
winch has taken place 

A carcinoma of the adrenal cortex was found at operation and death followed its attempted remoial 

grow which had to be clipped once weekly, the complexion became florid, the 
neck thick, and there was a marked double chin The menstrual periods were 
first irregular and, later, completely ceased At operation a carcinoma of the 
adrenal cortex was found The patient died , post-mortem the ovaries were 
small and fibrotic and showed no Graafian follicles , the uterus was small , 
the external genitals were normal, but there was some enlargement of the 
chtoris 

In cases which survive the operation, removal of the adrenal cortex 
tumour restores the feminine characters, both physical and psychical The 
virilism is attributed to excessive secretion of androgens by the adrena 1 
cortex 

(u) Adrenal Feminization — The commonest change noted m adult 
males, so afflicted, is enlargement of the breasts , sometimes considerable 
glandular development occurs and it may be possible to squeeze out milk 

1 The exploits for which Hercules is justly famous were not exclusively muscular 

2 Hare, Ross, and Crooke, Lancet, 1935, u, 11S 
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from the gland The breast changes are attubuted to excessive secretion of 
cestrogens (which are found in abnormally large amounts m the urine) and 
probably also of progesterone and 


cortilactm Libido is diminished as 
shown by diminished interest m 
women, decreased sexual potency 
and less frequent occurrence of 
nocturnal erections and of seminal 
emissions There may be atrophy 
of the testes, which is attributed to 
the raised level of oestrogen m the 
blood inhibiting the secretion of 
anterior pituitary gonadotrophins 
Successful operation restores normal 
sexual vigour 

In most cases of the adrenogenital 
syndrome there is increased urinary 
excretion of neutral 17-ketosteroids, 
strikingly so when a secreting carci- 
noma of the cortex is present (Fig 
609) In cases of feminization the 
urinary oestrogen content may be 
high 

(m) Mixed Syndromes — In 
these cases the clinical findings 
suggest increased secretion of both 
cortisone-like substances and of sex 
hormones Thus the first case of 
adrenal cortex tumour reported m 
the literature (by Tilesius m 1803) 
was a little girl, age 4 She was 
very obese , her immensely fat 
cheeks hung over her neck on to 
the upper part of the chest , the 
skm was thm, of high colour, with 
the veins showing through readily , 
hirsutism was present But m 
addition to these “cortico- 
metabohc ” changes there was 
marked sexual precocity as shown by 
genitals (Fig 614) 
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Fig 614 —Tilesius’ Case of Adrenal Cortev 
Tumour (Kepler et al , Recent Pro 
gress Hormone Research, 1948, 2, 388 ) 
Little girl aged 4 For description see te\t 


the development of the external 


POTASSIUM METABOLISM 

Potassium Balance 1 — The K + content of the body depends on the 
balance of K+ intake and K+ loss As K+ is an important constituent of all 
cells, ammal and vegetable, any reasonably arranged diet will supply normal 
K + needs Excretion of K+ occurs in the urine and some is lost m the feces 
1 Elkinton and Tarail Amer J Med , 1950, 9, 200 

3i h 



970 


POTASSIUM METABOLISM 


A diet of pure carbohydrate and fat contains no K+ , there is, of course, no 
K + intake during starvation 

The normal K + ion concentration m serum is about 20 mg-% (5 m Eq /L) 
(p 6) , the concentration m the cells is far higher as K + is the principal 
intracellular electrolyte (p 5) As the surface membrane of most cells is 
permeable to K + ions (p 7) the great differences which are normally present 
between the K + ion concentration m the intracellular and extracellular 
fluids are maintained by active cation transfer by the cells, the necessary 
energy being derived from metabolic processes , when cell metabolism is 
depressed, ej in stored red cells, K+ ions move passively out of the cells into 
the extracellular fluid with the concentration gradient (p 8) Most of the 
intracellular K + is combined with organic phosphate esters In states of 
acidosis these esters undergo phosphorolysis releasing inorganic phosphate 
which, together with K+ ions, passes into the plasma (p 95) , as some of the 
K+ is excreted in the urine as KH 2 P0 4 , acidosis leads to depletion of the 
K+ reserves of the tissues In dehydration too there is a loss of K+ from the 
cells (p 66) 

Regulation of Serum K + — Our knowledge of the factors which regulate 
the serum K+ level is still imperfect , it is not clear to what extent K + can 
be withdrawn from the plasma and stored m the cells when the serum K+ 
rises or can be mobilized from the cells when serum K + falls Serum K + 
depends to an important extent on the degree of K+ reabsorption which 
takes place in the renal tubules (p 28), which m turn depends on the level 
of adrenocorticoid activity (p 955) 

(l) In Addison’s disease serum K + often rises , conversely, serum K+ 
falls m hypercortism (p 966) or after miection of DOCA, cortisone or ACTH 
(pp 961,962) 

(n) In familial periodic paralysis (p 519) a fall of serum K+ occurs which 
is roughly proportional to the degree of muscular weakness 

(in) In renal disease serum K + may rise from K + retention (owing to 
decreased glomerular filtration) (p 4) or fall from excessive excretion m the 
urine (owing to decreased reabsorption of K+ m the tubules) Severe K + 
depletion occurs during the phase of recovery from diabetic coma , if the 
K+ intake at this time is small, the serum K+ falls 

(iv) Serum K+ may fall owing to K + loss m severe vomiting, diarrhoea 
or steatorrhoea 

Function of Potassium — The role of K+ is still imperfectly understood 
It is related to the excitability of nerve fibre (p 485) and muscle fibre It 
may be involved m transmission processes at the motor end plate (p 519) 
and in autonomic ganglia (p 523) It modifies the action of heart muscle 
(p 236) Alterations m the electrocardiogram are a sensitive index of changes 
in the serum K + level (Fig 615) A fall of serum K+ causes diminution, 
depression or occasional inversion of the T wave , the QT interval is prolonged, 
the ST segment is depressed An abnormally high serum K + level causes the 
T waves to become exaggerated and sharply peaked , eventually the P 
waves may disappear 1 The role of intracellular K+ as a buffer is considered 
in the case of the red cells on p 93, and of the general tissue cells on p 95 
Symptoms of Potassium Lack — The clinical findings are variable , 
muscular weakness and the e c g changes mentioned above are the most 

1 Hawkins et al , Lancet , 1951, i, 31S 
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regularly observed Other symptoms noted in states of K+ lack and relieved 
by K + therapy are shallow rapid breathing, abdominal distension and 
mental changes, e g lethargy, apathy or delirium 1 K+ lack must be treated 
by giving potassium m amounts sufficient to restore not only the serum K + 
level, but also the intracellular reserves , the total loss of K + which occurs 
in depleted patients may amount to 8-36 g If the patient can take food by 
mouth, 3-5 g of K+ (as KH 2 P0 4 and K 2 HP0 4 ) may be added to each htre 
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Fig 615 — Effect of Changes n Serum K+ Level on Electrocardiogram (Thomson, 

Lancet, 1939, l, 508 

Case of Addison s Disease Initial blood pressure, 70/45 mm Hg , blood urea 90 mg -% 

Serum Levels in mg-% Height of T-wave in mm 

K+ Na+ Ca++ Lead I Lead II Lead III 

(а) 18th May 1939 31 6 284 9 9 1 5 7 0 5 0 

Put patient on low K+, high Na + diet Inject extract of whole adrenal cortex (‘ eucortone ”) 

(б) 10th June 1939 15 9 309 11 5 1 0 4 0 2 5 

(c) 23rd June 1939 8 3 319 9 9 1 0 1 5 0 75 

Note in (a) the e c g changes resulting from high serum K+ (hyperkalsemia) , note in (6) and(c) the results 
of low serum K+ (hypokalasmia) 

of milk or fruit drmk , if the flow of urine is adequate such treatment is safe 
In urgent cases K + may be given parenterally, e g m Butler’s solution (p 109, 
footnote) or as Elkmton’s solution containing 4 5 g of K 2 HP0 4 , 1 g of 
KH 2 P0 4 and 5 5 g of NaCl per htre The rate of infusion should not exceed 
20 m Eq (0 8 g ) of K+ per hour, corresponding to 300 c c per hour of 
Elkmton’s solution 

Parenteral K+ therapy may be dangerous if the urinary output is low , 
the chmcal state, the serum K + level, and the e c g appearances should be 
carefully watched for the first signs of potassium poisoning and appropriate 
measures taken 


THE THYROID 2 

Structure and Chemical Composition — The normal adult thyroid 
gland weighs 20-25 g It consists of many spherical or oval vesicles which 
are lined by a cubical epithelium (Fig 616, B) The cavity of the vesicles 
is filled with a viscid homogeneous material known as the colloid of the gland , 
the colloid consists chiefly of an iodine-containing protein called thyroglobulm 

1 Eliel et al , New Engl J Med , 1950, 243, 471, 518 

a Salter, The Hormones, N Y , 1950, 2, 181, 301 Pitt-Rivers, Physiol Rev , 1950, 30, 
194 Symposium on “ Thyroid function as disclosed by newer methods of study,” Ann 
N Y Acad Sci , 1949, 50, 279-508 Pochin, Lancet, 1950, u, 41, 84 Means, Thyroid 
and its Diseases, Plnla , 1937 Hanngton, Thyroid Gland, London, 1933 



972 


STRUCTURE OF THYROID 


The thyroid gland contains on an average 2 mg of iodine per g dry weight 
(1 g dry =4-5 g wet weight) , the weight of iodine found m the gland repre- 
sents 20% of the total body iodine The lodme of the gland is normally 
found m three mam forms m the proportions indicated inorganic iodide 
(10%) , (there is no free iodine m the gland) , duodotyrosme (60%) , thyroxine 
(30%) Thyroxine is the active principle of the gland and is secreted as such 
into the blood , duodotyrosme is its prmcipal precursor m the gland 

Thyroglobuhn contains both thyroxine and duodotyrosme bound to the 
rest of the protem molecule by the usual peptide ( — CO NH — ) linkage 

Thyroglobulm is thus a storage 
form of thyroxine The thyroid 
differs from the other ductless 
glands m stormg its active principle 
m the cavity of a vesicle rather 
than m the secreting cells them- 
selves , when required, the stored 
(combined) thyroxine is digested 
off from the thyroglobuhn molecule 
by proteases and is secreted, m the 
free form, into the blood 1 

The size of the thyroid, its 
histological appearance, the amount 
of colloid, and its chemical com- 
position vary widely under different 
conditions The points to be noted 
are the size and shape of the 
vesicles , the height of the 
epithehum , the total iodine content 
of the colloid , and the relative 
amounts of the three mam lodme- 
contaming constituents 

(i) When the gland is stimulated 
it becomes more vascular, the lining 
cells become more numerous {hyper- 
plasia) and the circumference of the vesicles m cross-section is increased , 
the epithehal cells become taller It is customary to call such an overactive 
gland a hyperplastic gland 

(u) When rapid secretion is taking place, the colloid is digested away and 
becomes first faintly staining and vacuolated and later reduced in amount 
leading to an infolding of the proliferated epithelium (Fig 616, C) 

(m) The administration of iodine often produces characteristic changes 
m a hyperplastic gland (whatever the cause) the amount of colloid is greatly 
increased (i e there is increased “ storage ”) and the epithehum regresses 
to the normal state (Fig 616, D) 

(iv) In atrophy of the gland the epithehum becomes thinner and the 
vesicles smaller and fewer m number 

The normal daily iodine intake m the food is of the order of 20-200 fig , 
it is, of course, higher if iodine is artificially added to the diet 

1 But duodotyrosme is also present m the blood 

2 1 [ig =1 microgram=0 001 milligram 



Fig 616 — Histological Appearance of 
Alveoli of Thyroid under various 
Conditions (After Means, Thyroid and 
its Diseases ) 

A Foetal type, containing no colloid 
B Normal alveolus lined by a cubical epithelium , 
it is filled with colloid which contains few 
vacuoles 

C Hyperplastic alveolus (e g of exophthalmic 
goitre) , the lining cells are columnar and 
increased in number , the colloid has been 
discharged The wall of the alveolus is infolded 
D Hyperplastic alveolus (e g as in C) after treat 
ment with iodine The alveolus has become 
distended with retained colloid , numerous 
vacuoles are present in the colloid 
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Thyroxine Formation and Secretion — The mam processes which take 
place in. the thyroid gland are 

( 1 ) Selective absorption of inorganic iodide from the plasma 

(n) Oxidation of the iodide to iodine 

(ni) Immediate binding of the newly formed iodine with tyrosine to form 
duodotyrosine 

(iv) Transformation of duodotyrosine into thyroxine 

(v) Secretion of thyroxine (a) into the blood, or (6) into the lumen of 
the vesicles, to be stored in the colloid 

All these processes doubtless depend on the activity of various enzyme 
systems, none of which have as yet been identified The secretion of thyroxine 
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Fig 617 — Uptake of Radio active Iodide l 131 !*) by Hypo- 
thyroid, Normal, and Hyperthyroid Glands (Hamilton, 
Radiology, 1942, 39, 555 ) 

A tracer close of radio active iodide was given to human hemgs Note 
the negligible iodide uptake by the hypothyroid gland and the 
excessive uptake by the hyperthyroid glands 

Radio iodide concentration was determined by means of a Geiger counter 
on the neck over the gland 


ib regulated (a) mainly by the thyrotrophic hormone of the anterior pituitary , 
(6) possibly by the level of blood thyroxine and blood iodide , (c) to a minor 
degree by the sympathetic nerve supply (p 982) Most of the stages referred 
to above need more detailed consideration 

(1) Selective Absorption of Iodide — This process is well demonstrated 
m experiments m which minute ( tracer ) doses of radio-active iodine (usually 
131 I*) are given m the form of iodide 1 , the doses administered are comparable 
to the amounts which are normally ingested m the diet The distribution 
and fate of the labelled iodide can be easily followed It is rapidly absorbed 
from the intestine and passes into the plasma , the plasma 131 P consequently 
rises initially The 131 P is selectively taken up by the thyroid gland , e g m 
man 20% of the administered 131 I^ may be present m the gland within 
6 hours (Fig 617, Control) 

A normal thyroid “ collects ” up to 80 times the amount of 131 T' that 
would be expected were the iodide diffused uniformly throughout the body 
A hyperplastic gland may collect up to 300 times the amount which would 

i mi* has a half-life of 8 days 
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be expected from simple diffusion These data prove that the thyroid cells 
selectively absorb inorganic iodide and retain it in spite of a steep diffusion 
gradient that tends to drive the iodide back into the plasma It is note- 
worthy, however, that there is an absolute maximum iodide content of the 
gland no matter how great are the iodide supphes, i e there is a thyroid 
“ iodide absorption maximum ” which cannot be exceeded 

In man the radio-active I content; of the thyroid gland can be determined 
by means of a Geiger counter placed on the neck, over the gland On 
administering tracer doses of 131 I i ', the iodide uptake of the gland is found to 

be negligibly small m myxoedema 
but markedly enhanced in hyper- 
thyroidism (Fig 617) 

As is shown below the 131 I V 
is later incorporated first into 
dnodotyrosme and then into 
thyroxine 

The thyroid gland is the 
only organ in the body which 
can selectively absorb inorganic 
iodide from the plasma This 
process is paralysed by thio- 
cyanates (cf phloridzm which 
paralyses the reabsorption of 
glucose in the renal tubule) 
After administration of KCNS 
the inorganic iodide content of 
the gland is low and is only 
increased when the blood iodide 
is markedly raised by giving 
large amounts of KI 

Before the thyroid iodide 
can become organically bound 
it must be first converted by 
oxidative enzyme systems into 
free iodine 

(2) Formation of Diiodotyrosine and Thyroxine — Tracer experi- 
ments show that the iodide taken up by the gland, immediately after its 
oxidation to iodine, is first bound with tyrosine to form dnodotyrosme 

I* 

ho/ - ^>CH 2 CHNH 2 COOH+2P->HO^ ^>oh 2 chnh 2 cooh 

I* 

Tyrosine Dnodotyrosme 


AFTER 

NORMAL HYPOPHYSECTOMV 



HOURS 

Fig 618 — Iodine Metabolism in Normal Thyroid 
and after Hypophysectomy (Pearlman 
et al , Endocnn, 1942, 30, 497 ) 

I* = radio active iodine ( 131 I*) Experiments in rats 
following administration of mi* (as iodide) 

Left-hand Figure — Normal rat distribution of mi* 
among inorganic iodide, diiodotyrosine and thyroxine 
fractions in thyroid gland Note decline of duodo 
tyrosine and progressive increase in thyroxine 
concentrations as the former is transformed into 
the latter 

Right-hand Figure — Eypophysectomized rat Note 
initial increase in diiodotyrosine, but there is no 
subsequent decline as no thyroxine is formed 


The dnodotyrosme concentration m the gland then progressively falls 
and the thyroxine concentration gradually rises as the former is transformed 
into the latter compound (Fig 618) The formation of thyroxine may 
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result from the condensation of two molecules of dnodotyxosme with the 
removal of alanine thus 

j* p 

ho/ /cH 2 CHNH 2 COOH+H 0—/ y ch 2 chnh 2 cooh-> 

I- J* 


I* 2* 

ho/ )-0-/ ^CH 2 CHNH 2 COOH+CHg chnh 2 cooh 
F F = 

Thyroxine (para hydroxy-phenyl Alanine 

ether of tyrosine plus 4 I atoms) 

It is presumed that duodotyrosme and thyroxine formation occurs m 
the epithelial cells of the gland 

. (3) Role of the Anterior Pituitary — After hypophysectomy (m rats) 
thyroxine metabolism is disordered Inorganic iodide is taken up by the 
gland from the plasma more slowly and to a smaller extent , duodotyrosme 
is, however, formed normally The essential disturbance is the almost 
complete arrest of the normal transformation of duodotyrosme into thyroxine 
Only minimal amounts of thyroxine are formed and secreted into the blood 1 
The anterior pituitary (through its thyrotrophic hormone) has two mam 
actions (l) it activates the enzyme systems responsible for the conversion 
of duodotyrosme into thyroxine , (n) it stimulates the secretion of thyroxine 
(Fig 618) 

(4) Action of Thio-Compounds — Many orgamc thio-compounds contain- 
ing the chemical group — N CS N — [eg thiouTacil) interfere with thyroxine 
formation m the gland The absorption of inorganic iodide by the gland takes 
place normally but it is not converted into duodotyrosme or thyroxine (cf 
p 996) These thio-compounds thus block the binding of iodine by tyrosine 2 

(5) Action of Inorganic Iodide Level — Using thyroid slices, it is 
found that if the level of morgamc iodide m the medium is raised to 10-15 
H g /100 c c (normal serum level is 3 /ig ), synthesis of both duodotyrosme 
and thyroxine is depressed 

(6) Formation of Thyroxine outside the Thyroid Gland — Thyroxine 
can be formed m small amounts m the general tissues of the body The 
evidence is as follows 

(l) Radio-active iodide is administered to completely thyroidectomized 
animals , it is subsequently found m the bound form m duodotyrosme and 
in thyroxine, both m the tissues and m the plasma The basal metabolic 
rate is raised because of the specific activity of the newly formed thyroxine 
It is claimed that thyroxine synthesis can even occur m the hypophysectom- 
lzed, thyroidless animal 

Although these observations on the thyroidless ammal are true, the 
thyroid still remains the only significant site of thyroxine formation, probably 

1 As explained on p 931, m clinical severe hypopituitarism, some thyroid secretion 
continues 

2 A sharp distinction should be drawn between the orgamc thio compounds like 
thiouracil and inorganic thio compounds like KCNS, which is discussed above (p 974) 
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for two reasons (a) it has a uniquely high iodide content which favours 
thyroxine formation , ( b ) it may also contain an optimal concentration of 
the various enzymes which catalyze thyroxine formation 

(n) Thyroxine can be synthesized m vitro with surprising ease (a) If 
duodotyrosme-peptone is incubated with pepsin, it is built up into a protein 
containing thyroxine , ( b ) If serum proteins or casern are incubated with 
iodine (m unphysiologically high concentrations, m an alkahne medium and 
at a high temperature), thyroxine appears (presumably derived from the 
tyrosine content of the protein) , the ultimate product may be more active 
than thyroglobuhn It must be remembered, however, that the thyroid 
gland forms thyroxme under ‘physiological conditions of iodine concentration, 
pH and temperature 

When dried thyroid is administered by mouth its physiological activity is 
greater than that produced by administering its thyroxme content alone 
It seems probable that the dnodotyrosme (in protein combination) of the 
dried gland material (representing about 60% of the total iodine content) 
is transformed somewhere m the body into thyroxme (Pure (i e uncombined) 
dnodotyrosme given by mouth is inert ) 

Cyclic Activity of the Thyroid — The different thyroid vesicles are 
not all m the same phase of activity at any one moment They may be 
carrying out one or two of the following three processes ( 1 ) forming and 
secreting thyroxme into the blood , ( 11 ) storing thyroxme m the colloid , 
(in) mobilizing thyroxine from the colloid store for secretion into the blood 

Blood Iodine — Iodine is found m the blood mainly m two forms 

(1) As inorganic iodide (so-called filtrable iodide) On a normal iodme 
intake the inorganic iodide m plasma and corpuscles is less than 1 ^g-% 
(mean, 0 5 fig) Its concentration bears no relationship to the level of 
activity of the gland but it immediately reflects changes m iodme intake 
Thus the ingestion of 15 grams (=1 g ) of KI raised the serum inorganic iodide, 
4 hours later, to 2300 yg-% (=2 3 mg-%) , this is the level that one expects 
to find if the ingested iodide is uniformly diffused throughout the body 
water (=50L) After 50 hours the serum inorganic iodide had fallen to 
46 //g-% owing to steady excretion of iodide m the urine 

(2) As hormone iodme (i e thyroxme and also dnodotyrosme) present 
m the plasma only, and loosely bound with the serum albumin , this iodine 
is precipitated out with the serum proteins It is, therefore, also called 
piecipitable or protein-bound iodme The normal range of hormone iodme 
is 4-8 <ag-% The serum hormone iodme level is a rehable index of thyroid 
secretory activity 

(l) In myxoedema its level is 0 2-2 5 gg-% (mean 1 3) and is restored to 
normal by thyroid treatment 

(n) After total thyroidectomy in man the level falls to about zero, indicat- 
ing that hormone formation outside the thyroid gland in man is negligible 

(m) In hyperthyroidism the average serum hormone iodme is 14 // g-% 
and values as high as 30 gg-% have been recorded (Fig 628) 

(iv) Partial thyroidectomy reduces these high values to normal (or sub- 
normal) depending on the amount of gland excised Iodine therapy which 
reduces thyroid secretion m Graves’ disease, hkewise lowers the hormone 
iodme level (though it raises the filtrable, i e the inorganic iodide level) 

Actions of Thyroxine — (1) General Metabolism — The outstanding 



ACTIONS OF THYROXINE 


977 


action of thyroxme is to stimulate metabolism in tlie tissues generally, in- 
creasing oxygen consumption, presumably by catalyzing the enzyme systems 
which are responsible for oxidation processes The exact way m which 
thyroxine produces its effect is unknown except for the fact that it acts 
directly on the tissues Thyroxine also promotes the growth and development 
of the organs generally , this latter action is best demonstrated in the young 
thyroidectomized animal (cf cretinism, p 986) 

( 1 ) Action m Myxcedema — The effect on metabohsm is most simply 
studied in the hypothyroid patient In one case of myxcedema, the basal 
metabohe rate was 30% below normal (i e the BME was —30) , 16 mg 
of thyroxine were given by mouth in one dose The BMR (i e oxygen 
consumption, energy output) rose gradually to normal and then slowly 
fell to its original level which was reached at the end of six weeks During 
this period the extra energy output due to the administered thyroxme was 
16,000 Cal , each mg of thyroxine thus increased metabolism by an amount 
equivalent to the oxidation of 250 g of glucose (i e 1000 Cal ) About 1 mg 
of thyroxme daily (=3 grains of dry thyroid), restores the BMR m a severe 
case of myxcedema to normal , this result is an indication of the normal rate 
of secretion of the hormone 

Thyroxine has a long period of latency , even after the intravenous 
injection of pure thyroxine m man 48 hours may elapse before there is a 
detectable effect If one large dose of thyroxine is given there is considerable 
loss by excretion m the bile, and results are obtained more economically 
with small repeated doses 

It is customary clinically to treat hypothyroid patients by means of dried 
thyroid given by mouth This preparation is more active than would be 
expected from its thyroxine content because (as mentioned on p 976) some 
of its contained dnodotyrosme is also converted m the body into thyroxme 
The digestive juices do not inactivate the thyroid active principles (all the 
other body hormones, however, are less effective by mouth than by sub- 
cutaneous or other parenteral routes) 

Recently synthetic L-thyroxme sodium has been prepared sufficiently 
cheaply to enable it to compete m price with thyroid extract It has been 
used successfully m a series of cases of myxcedema (the daily oral maintenance 
dose was 0 15-0 3 mg ) 1 This preparation has the advantage over thyroid 
extract that it does not need biological or chemical standardization 

(n) Action m Normal Subjects — If thyroxme or dried thyroid is given 
to normal subjects in doses which cure myxcedema, the BMR rises much 
less than would be expected from the results observed m myxcedema , m 
some cases the rise of B M R produced m the normal subject may be negligible 
and there is no mcrease m the serum hormone iodine level The explanation 
of the discrepancy may be (a) that there is a corresponding compensatory 
decrease of thyroxme secretion by the normal gland , (6) that the thyroid 
takes up the excess thyroxine from the blood and destroys or stores it 

If dried thyroid is given m very laige doses, eg 10 grams daily (the 
therapeutic dose m severe myxcedema is 3 grains daily), the serum hormone 
iodine level rises and many of the characteristic signs of hyperthyroidism 
develop, e g rise of B M R , loss of weight, fall of serum cholesterol level, and 
rapid heart rate (Fig 619) Exophthalmos is, however, never produced , 

1 Hart and McLagan, Brit med J , 1950, i, 512 
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Fig 619 — -Effects of Administration of Excessive Doses 
of Thyroid m Normal Person (Riggs et al , J elm 
Inveshg , 1945, 24, 723 ) 

Records from above downwards are 
Serum cholesterol m mg/100 cc 
Body weight in lbs 

BMIt as per cent above or below normal 
Serum precipitable (hormone) iodine in p.g-% 

Serum liltrable iodine in p.g-% 

Dose of thyroid administered in grains per da\ 

The subject was a woman with schizophrenia but otherwise eu 
thjroid Note, however, that during the control period the 
B M R fluctuated between —10 and —25 
The dose of thyroid was increased at intervals of 4 weeks from 3 to 
6, 10, 15, 20, and finally 25 grains per day The highest dose 
was maintained for 8 weeks and then abruptly discontinued 
Note the progressive return of the various values to normal 
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NERVE IMPULSES 



HYPOTHALAMUS 


tins point is important m relation to the causation of exophthalmos m Graves’ 
disease 

(2) Special Metabolism —Thyroxine promotes the absorption of 
glucose from the small intestine (p 836) , in the liver it stimulates the con- 
version of glycogen into glucose and promotes glucose formation from non- 
carbohydrate sources For all these reasons thyroxine produces a transient 
rise of blood sugar and glycosuria (thyroid diabetes) Large doses of thyroxine 
may produce lasting damage to the islets of Langerhans leading to persistent 
hyperglycaemia and glycosuria 
(: metathyroid diabetes (p 918)) 

(3) Heart — Thyroxine 
accelerates the norm al an d the 
denervated heart , 


It thus has a 
direct peripheral action on the 
heart Under natural conditions 
part of the accelerator action of 
thyroxine is secondary to the 
raised metabohsm 

(4) Bone — Thyroxine modi- 
fies the metabohsm of calcium 
It causes removal of calcium 
(together with phosphate) from 
the bones, leading jp their rare- 
faction (osteoporosis) Unlike 
parathormone' it does not raise 
the serum calcium, and increased 
Ca loss occurs in the faeces as 
well as m the urine (cf p 1003) 

The effect is not due to the 
increase m metabolic rate, 
because no such changes take 
place when, for example, the 
metabohsm is mcreased by fever 
Similar changes m the bones 
are observed m Graves’ disease 
(p 991) The mode of action of 
thyroxine on calcium metabol- 
ism is unknown , it is, however, antagonized by administration of vitamm-D 

(5) Kidney — The action of thyroxine on the flow of urine, especially 
m diabetes insipidus, is discussed on p 51 It probably also regulates the 
distribution of fluid in the body , thus in myxcedema there is excessive 
fluid retention m the extracellular spaces (p 983). 

(6) Breast — Thyroid may promote the secretion of milk (p 1094) 

Regulation of Thyroid Secretion (Fig 620) — The mam regulator 

of thyroid secretion is the anterior pituitary via its thyrolrophic hormone 
(TSH, thy wid- stimulating hormone, thyrotrophm) The release of thyro- 
trophm is determined mainly by the level of blood thyroxine acting directly 
on the pituitary, and possibly also by various mechanisms which act reflexly 
via the hypothalamus Other factors which influenced thyroid secretion are 
(i) the level of blood iodide , (n) variations m external temperature , (m) possibly 



Fig 620 — Regulation of Thyroid Secretion 
(After Means and Soskin ) 

A P , anterior pituitary 

TSH, thyroid stimulating hormone (thyrotrophm) 
TIF, hypothetical thyroid inhibiting hormone 
Th , blood thyroxine 
I 2 , blood iodine level 
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the sympathetic nerve supply to the gland Some workers claim that the 
anterior pituitary may sometimes secrete a thyroid -inhibiting hormone 

(i) Role of Anterior Pituitary Thyrotrophm — (i) Results op 
Hypopituitarism — Hypophysectomy leads to thyroid atrophy , the thyroid 
is restored to normal by pituitary grafts Similarly, considerable thyroid 
atrophy occurs m the classical clinical condition of general anterior pituitary 
failure known as Simmonds’ disease , m this condition, however, the gland 
contmues to secrete at a low steady rate The B M R falls to —25 compared 
with — 40 after complete thyroidectomy (p 931) 

(n) Thyrotrophin has been isolated from the anterior pituitary m a 
highly active form , it is a glycoprotein It is thought to be secreted by the 
basophil cells of the gland , m conditions associated with excess thyrotrophin 
secretion the basophils increase m number and the eosinophils almost disappear 
Injection of thyrotrophin produces characteristic thyroid hyperplasia (le 
increased vascularity, increased height of the epithelium, cellular proliferation, 
decreased colloid content of the vesicles), increased secretion of thyroxine, and 
increased metabolic rate The histological appearance resembles that of the 
gland m Graves’ disease 

(m) Fate op Thyrotrophin — The hormone combines specifically with 
thyroid tissue and is secondarily inactivated by it It is more rapidly removed 
from the blood by a hyperplastic thyroid , for this reason the concentration 
of thyrotrophin m the blood (or its rate of excretion in the urine) is not 
necessarily a reliable guide to its rate of formation The only other tissues 
which can inactivate thyrotrophin are the thymus, the lymph glands, and 
possibly the extraocular structures 

(iv) Control op Thyrotrophin Secretion — The control is partly 
nervous via the hypothalamus and partly determined directly by the level of 
blood thyroxine 

(a) Nervous Control — There is good evidence that stimulation of the 
hypothalamus causes the release of several of the anterior pituitary hormones 
(p 931) It is possible that the hypothalamus also causes secretion of thyro- 
trophin It is believed by some that emotional tension causing hypothalamic 
overactivity leads to oversecretion of thyrotrophin and the development of 
Graves’ disease 

(b) Role of Blood Thyroxine — The secretion of pituitary thyrotrophin is 
regulated by the level of blood thyroxine , thus it is stimulated by a low 
blood thyroxine and inhibited by a raised blood thyroxine level Normally 
the activity of the pituitary and thyroid are finely integrated to maintain an 
appropriate blood thyroxine level with its resulting effects on the activities 
of the general tissues of the body 

In any condition in which the blood thyroxine level is kept abnormally 
low because of reduced thyroxine secretion or because of increased thyroxine 
utilization, there is increased secretion of pituitary thyrotrophin and conse- 
quently thy) oid hyperplasia {if thyroid tissue is present and is responsive) 
Such induced thyroid hyperplasia always regresses after hypophysectomy 

Thyroxine decreases the oxygen consumption of thyroid slices though it 
increases the oxygen consumption of all the other tissues , excess blood 
thyroxine may thus also directly depress thijroid secretion A fall of blood 
thyroxine produces the reverse effects 

(v) Thyroid Hyperplasia Induced via Thyrotrophin by Low Blood 
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Thyroxine Level — Hyperplasia caused in. this way may occur in the 
following conditions 

(a) Iodine insufficiency m the diet (p 986) 

(b) Poisoning with organic thio-compounds (e g thiouracil) and similarly 
acting substances, which inhibit the lodmation of tyrosine in the thyroid 
and so prevent thyroxine formation The thyroid undergoes progressive 
enlargement, e g from 5 to 25 mg per 100 g of body weight and shows 
characteristic hyperplasia The thyroid decreases m size after hypophy- 
sectomy (p 989) 

(c) Poisoning with KCNS (thiocyanate) which interferes with iodine 
uptake by the gland and therefore with thyroxine formation In a chnical 
case of this condition the thyroid was enlarged and hyperplastic owing to the 
compensatory pituitary overactmty , there were (as would be expected) 
chmcal signs of hypothyroidism, (eg BME of —18) , the serum hormone 
iodine level was depressed (to 2 1 /zg-%) On administering thyroxine the 
blood thyroxine (and B M II ) rose and the thyroid became smaller 

(d) Partial thyroidectomy results m decreased thyroxine formation with 
consequently increased secretion of thyrotrophic factor , the remaining 
portion of the thyroid enlarges and shows hyperplasia, and its colloid and 
iodine content are reduced as thyroxine secretion is stimulated After 
complete removal of the thyroid (and in severe myxcedema) the blood and 
urine levels of thyrotrophm are increased (but of course there is no thyroid 
tissue for thyrotrophm to act upon) 

(e) The thyroid commonly enlarges during adolescence, m the latter 
part of the menstrual cycle and during pregnancy The enlargement 
may be secondary to increased thyroxine utilization by the reproductive 
organs 

(vi) Action oe Thyeotrophin on Extraocular Tissues — In many 
species anterior pituitary extracts produce exophthalmos In experiments on 
fish the exophthalmos is due to a great (fivefold) increase m the amount of 
fluid m the retrobulbar space As the ocular changes also develop in the 
thyroidless animal they are not mediated by thyroxine It is suggested that 
the extracts have a direct action on the orbital tissues causing (in some 
unexplained way) more extracellular fluid to be formed than can be 
removed by absorption , there is swelling not only of the retrobulbar tissue 
but also of the extraocular muscles and the conjunctiva 

It is generally supposed that the pituitary hormone (thyrotrophm) 
winch stimulates the thyroid is identical with the substance which produces 
this experimental exophthalmos 

There is great uncertainty about the action of thyrotrophm on the eye 
structures m man The possible relation of thyrotrophm to the eye changes 
m Graves’ disease is considered on p 993 

(vu) It has been suggested that the anterior pituitary may under some 
circumstances secrete a \hjvo\d-inhibiting factor Thyroid was administered 
to rats , injection of extracts of their anterior pituitanes into guinea-pigs 
reduced the size of the thyroid, the epithelium became lower, the vesicles 
were distended with colloid and the BMR was reduced (In control experi- 
ments, extracts of normal rat anterior pituitary produced characteristic 
Hyperplasia ) 

(2) Role of Level of Blood Inorganic Iodide — The level of blood 
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inorganic iodide depends on the iodine intake and its rate of utilization and 
excretion 

(i)> An adequate iodine intake is necessary for normal thyroxine formation 
(11) Iodine deficiency depresses thyroxine formation and leads to thyroid 
hyperplasia combined with hypothyroidism (p 987) 

(in) Administration of excess iodine has no effect on the normal gland 
(iv) In most states of thyroid hyperplasia, however, iodine treatment 
leads to characteristic changes there is increased accumulation of a colloid 
which is rich in iodine , the hyperplasia regresses, e g the height of the 
epithehum is reduced, and less thyroxine is discharged into the circulation 
Thus a high blood-iodide level favours colloid storage rather than hormone 
discharge , in fact it impedes hormone secretion In Graves’ disease, iodine 
medication reduces thyroxine secretion and so improves the clinical state , 
the vesicles which were previously empty, become filled with colloid S imil arly 
the initial effect of administering small doses of iodine m cases of lodme- 
deficiency goitre is to cause colloid accumulation and consequently, further 
enlargement of the goitre (p 987) 

The way m which a raised blood inorganic iodide level produces its effects 
m hyperplasic states is unknown 

(3) Role of Sympathetic Nerves — The influence of the sympathetic 
on thyroid secretion is probably unimportant No changes m the structure 
of the gland or m the BME follow denervation of the thyroid It is claimed, 
however, that sympathetic nerve stimulation decreases the thyroid iodine 
content and increases the blood iodine concentration 

(4) Role of Body Temperature — The rate of thyroid secretion is 
affected by environmental temperature , a fall of external temperature 
increases the secretion Thus m the rat, if the rate of thyroid secretion at 
35° C is taken as unity, the rate increases to 3 0 when the external tempera- 
ture is lowered to 25° C and to 5 5 when it is lowered to 1° C The extra 
thyroxine which is released stimulates the metabolic rate, increases heat 
production and so helps to maintain body temperature Characteristic signs 
of thyroid hyperplasia develop m cold environments 

Valuable information about the physiology of the thyroid gland m man 
is obtained from a study of chmcal cases of thyroid deficiency (myxcedema 
in adults and cretinism m children) and of thyroid excess (hyperthyroidism, 
Graves’ disease) 

Thyroid Deficiency in Man — 1 Myxoedema — In man, total extirpa- 
tion of the thyroid gland in adult subjects (e g for malignant growth) produces 
post-operative myxcedema , a similar result may follow excessive removal of 
thyroid tissue in patients with Graves’ disease (cf Fig 623) The symptoms 
set m within a few weeks or months after the operation An identical chmcal 
condition of myxcedema occurs spontaneously in adults — especially m women — 
from atrophy of the thyroid gland (Fig 621) Minor forms of this disease 
are common , the gland is usually small, the vesicles are few and contain 
little colloid 

The chief symptoms can be readily understood if it is remembered that 
owing to lack of thyroxine many of the activities of the body are depressed 
(1) There is a diminution of mental activity, loss of memory, and slowness 
of thought, speech, and movement , there is considerable muscular weakness 
(n) The akin becomes dry and coarse , the cheeks are parchment-like m 
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appearance, and there is a slight malar flush The hair is coarse and tends to 
fall out of the head and the outer thirds of the eyebrows The subcutaneous 
tissues are infiltrated with excess fluid containing a muco-protem giving a 
puffy appearance to the body The capillaries m myxoedema are said to be 
excessively permeable to proteins The oedema is characteristically firm 
and “ solid ” 

(m) The sexual functions are disturbed , amenorrhoea commonly develops 
m women 1 

A B 



Fia 621 — Treatment of Myxoedema with Thyroid (Hanngton, The Thyroid Gland, 

Oxford University Press, 1933 ) 


A Patient aged 65, bedridden and imbecile from myxoedema of tv ent> j ears standing 
11 Same patient after fifteen months treatment with thyroid The regrowth of hair is a striking feature 
The health was normal, and she was happy and mentallj alert She died at the age of 94 after 
twenty nine years of vigorous life under treatment (Itaaon s case 

(iv) The basal metabolic rate (B M R ), le the energy output of the 
individual at complete rest 12-18 hours after a meal (p 377), is diminished 
to 30 or even 45% below normal (BMR is —30 or —45) , in other words, 
tlie rate of oxidation m the tissues is greatly diminished The pulmonary 
1 entilation, the oxygen consumption, the C0 2 output, the nitrogenous excre- 
tion in the urme are all diminished, because the general metabolic activities 
are depressed As the tissues need less oxygen, the output of the heart is 
reduced, eg to 2 5 litres per minute This is due m part to a decrease m the 

1 In monkeys, thyroidectomy results m amenorrhoea , the menstrual periods are 
restored by thyroid treatment 
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heart rate and m part to a diminution of the output per beat As heat pro- 
duction is decreased the body temperature may be subnormal (p 474 ) } 
the patients show increased sensitivity to cold and react less well than normal 
subjects to a cold environment 

(v) Body weight increases because of decreased metabolism and the 
extensive oedema in the skin and internal organs 

(vi) Certain blood changes occur regularly in myxoedema (Big 623) 

(a) The serum cholesterol is increased from the upper limit of the normal of 
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Fig 622 — Heart Changes in Human Myxoedema Effects of Thyroid Therapy 
(Master and Strieker, Ann mt Med , 1941, 15, 124 ) 

A Teleroentgenogram and electrocardiogram (Lead II) in case of post operative myxoedema, BMR, —20 
heart rate 70 , BP, 100/70 , some precordial pain and shortness of breath , heart water bottle shaped ” 
(enlargement of transverse diameter) low voltage QRST waves 
B After two months of thjrold treatment the heart is smaller and contracts vigorously Increased QRST 
voltages there is slight left axis deviation The heart rate is increased 


300 mg-% to, for example, 400 or even 700 mg-% The blood fatty acids and 
phosphatides follow the serum cholesterol level, i e there is a general hpsemia 
The changes in serum cholesterol are well correlated with the clinical state 
and with the level of the BMR It is beheved that a serum cholesterol 
level below 275 mg-% excludes a diagnosis of myxoedema 

(b) The plasma protein level tends to be raised 

(c) The serum hormone iodine (precipitable iodine) is diminished (p 976) 

(d) Ancemia commonly occurs , it may be due to iron deficiency or other 
causes, but sometimes it is the specific effect of lack of thyroid secretion 
leading to depressed activity of the bone marrow In such cases the anaemia 
is relieved only by thyroid treatment (p 194) 
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(vn) The changes m the heart are typical ( myxcedema hem f) The heart 
is enlarged m its transverse diameter, is flabby, and contracts sluggishly 
The ventricular waves (QRST) m the electrocardiogram axe of low voltage 
The cardiac output (as stated) is decreased It is suggested that the heart’s 
function is disturbed by oedema of the muscle fibres (Fig 622) 



Fig 623 — Changes m Blood and Metabolism m Post- 
operative Myxoedema Results of Thyroid Therapy 
(After Gildea et al , J elm Investig , 1939, 18, 747 ) 


Ordinates from above downwards 

Serum cholesterol m mg per 100 cc 
Plasma protein in g-% 

Basal metabolic rate as per cent above or below normal 
0= normal 

The patient was first seen on October 29, 1935, with signs of hyper 
thyroidxsm serum cholesterol 160 mg-% , B M E , +40 
It first arrow (Noicmber 17, 1935) partial thyroidectomy was per 
formed which was followed by post operative myxoedema 
Note (i) Bise in serum cholesterol (to 600 mg-% ) (n) Base in 

plasma proteins (to 8 2%) (m) 1: all in B M It (to —30) (i\) 

Body weight rose and oedema developed 
Thyroid treatment was begun on January 9, 1936, 11- grains dad} 
to February 13, and 1 gram daily subsequently 
Note (i) Fall in serum cholesterol to about 300 mg-% (n) Fall m 
plasma protein to about 7% (m) Irregularlj maintained increase 

mBMK 

On Julj 11, 1938, thyroid treatment was stopped 
Note The characteristic blood and B II ft changes of m} xoedemn 
returned 

On August 25, 1938, thyroid treatment resumed 
Note Signs of myxoedema cleared up 
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All the symptoms of myxoedema can be abolished by the prolonged 
administration of thyroid extract or thyroxine (Fig 623 and its legend 
should be carefully studied ) 

2 Cretinism — In this condition there is congenital absence or mal- 
development of the thyroid gland from causes which are not definitely known 
Symptoms do not appear till the age of six months, possibly owing to the 

presence of sufficient thyroid substance 

The symptoms 
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m the mother’s mil k 
are as follows 

(i) The various milestones m the 
course of the child’s development — 
holding the head up, sitting up, 
walking, speech — are reached much 
later than normal Mental develop- 
ment may be very backward, and the 
child may be a complete idiot There 
are anatomical changes in the central 
nervous system nerve cells and 
fibres fail to appear or to mature , 
nerve tracts myehnate late or not 
at all 

(h) Bony growth is retarded , the 
skeleton is small and stunted (Fig 624) 
(in) The secondary sex characters 
do not develop 

(iv) The skm is thickened , the 
tongue is enlarged and protrudes from 
the mouth , deposits of fat appear, 
especially above the clavicles 

(v) The serum cholesterol rises (as 
m myxcedema, and is of similar 
diagnostic significance) 

(vi) Creatine excretion m the urine 
is less in cretins than m normal 
children The normal output on a 
meat-free diet (containing 2 g of 
protein per kg body weight) is 0 6-7 8 
mg daily , m cretins it falls to 0-3 8mg 

(vu) Constipation is commonly present 

Owing to lack of thyroxine, proper development of the body does not 
occur m the cretinous child, just as all bodily activities are depressed m the 
adult 

Considerable improvement can be obtained m cretms by means of thyroid 
therapy , if treatment is begun very early m life the child may grow up into 
a perfectly normal adult, but if treatment is delayed, less satisfactory develop- 


Fra 624 — Cretin, aged 28, before treat- 
ment Height, 34£ in Murray’s case, 
June 1895 (Swale Vincent, Internal 
Secretion and Ductless Glands E 
Arnold & Co ) 


ment is obtained, particularly on the mental side 

3 Simple Goitre (Iodine-Deficiency Thyroid 


Hyperplasia) 1 — In 


1 British Medical Research Committee Memorandum No 18, Thyroid Enlargement 
and other Changes related to Mineral Content of Drinking Water, 1948 
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this condition there is enlargement of the thyroid, associated paradoxically 
with signs of hypothyroidism A survey of the distribution of the disease 
in different parts of the world shows that it is related to a relative or absolute 
deficiency of iodine m the water supply m relation to bodily needs The 
normal iodine intake is 20-200 pg daily [Other environmental factors may 
also be involved, e g the presence m the diet of toxic agents called goitrogens 
i e substances that interfere with thyroxine synthesis m the thyroid, as 
explained on p 988] Simple goitre can be produced experimentally m 
animals on an iodine deficient diet (Pigs 625, 626) 

The thyroid changes m simple goitre are produced as follows because 
of the lack of dietary iodine or the toxic action of the goitrogens, thyroxine 


BA C 



Fig 626 — Experimental Production of Simple 
Goitres (Hyperplastic and Colloid) in Dogs 
(Mellanby, Nutrition and Disease, 1934 ) 

A — Normal thyroid gland of dog Weight 1 g 
B — Hyperplastic gland Weight 100 g resulting from 
iodine deficient diet for 1£ years 
C— Colloid goitre Weightl78g Iodine deficient diet 
for 10 months, followed by 16 Mg of Iodine daily for 
8 months (1 Mg =0 001 mg ) 


formation is depressed The anterior pituitary is stimulated to secrete 
excess thyrotrophm (p 980) , thyroid hyperplasia results, with the typical 
increase m thyroid weight, decrease m the amount of colloid m the vesicles 
and an increase m the height of the fining epithelial cells (Fig 626, B) In this 
stage of hyperplasia the iodine content of the colloid of the human thyroid 
in simple goitre may be as low as 0 3 mg per g of dry thyroid (normal 
i alue is over 2 mg ) , of the iodine present only a trace is m the form of 
thyroxine 

Sometimes the thyroid m a clinical case of simple goitre consists of vesicles 
Finch are not collapsed, but, on the contrary, enormously distended with 
colloid — colloid goitre , secondary degeneration may occur m such a gland, 
giving rise to cysts Colloid goitres can also be produced experimentally , 
the procedure is first to produce a hyperplastic gland by means of severe 
iodine deprivation and then to add minute and quite inadequate amounts of 
iodine to the diet In the experiment shown in Fig 625, C a hyperplastic 
goitre was converted mto a colloid goitre (with further increase in size from 
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100 to 178 g ) by adding 15 /ig of iodine daily to the diet (1 fig =0 001 mg ) 
The amount of iodine administered was thus sufficient to produce colloid 
storage without restoring the gland to normal Had 100 ng of iodine been 
administered daily the gland would have become smaller and finally returned 
to normal 

Simple goitre can be prevented m most cases by remedying the iodine 
deficiency In Switzerland smce 1922 iodized salt has been available con- 
taining 1 m 200,000 iodine , no mother taking such salt during the last 
five months of pregnancy has given birth to a child with a goitre In this 
connection it should be remembered that milk, meat, bread, cabbage, and 
vegetable oils contain no iodine , the daily consumption of sea fish (2 oz ) 


A B 



Fro 626 — Relation of Iodine Content of Diet to 
Thyroid Structure (in Dog) (Mellanby, Nutn 
tion and Disease, 1934 ) 

A — Thyroid on a diet containing cod liver oil (containing 
Iodine) — normal structure 

B — Thyroid on the same diet, except that the oil was pea-nut __ 
oil (contains no iodine) — marked hyperplasia 

and cod-liver oil (3 drms ), which are rich m lodme, forms an adequate 
prophylactic during pregnancy 1 

The minimum iodine intake needed to prevent goitre probably varies with 
circumstances In some conditions the bodily needs for food iodine may 
increase , unless additional amounts of iodine are then supplied, goitre may 
develop Among such predisposing factors to simple goitre production are 
puberty, pregnancy, and certain infections One mg of I daily is sufficient 
to provide for all contingencies 

Chemically Induced Thyroid Hyperplasia and Hypothyroidism 
As already indicated the combination of hypothyroidism and thyroid 
hyperplasia, which is characteristic of simple goitre, can be induced experi 

1 After 1951 all salt in Britain is to be !I fortified ” with KI or Nal in an amount 
equivalent to 15—30 parts of iodine per million parts of salt 
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mentally by many agents administered m tbe diet (even when tbe iodine intake 
is adequate) Among tbe more important are certain organic sulphur- 
containing compounds (especially ilaouracil), aniline derivatives (including 
tbe sulphonamides and ammo-benzoic acid) and some plants of tbe Brassica 
family (e g rape seed) These goitiogens induce hypothyroidism by interfering 
with thyroxine synthesis m the gland They have no peripheral neutralizing 
action on thyroxine so that their systemic effects on the animal as a whole 
are abolished by the coincident administration of thyroid hormone The 
thyroid hyperplasia is due to excess thyrotrophm secretion (p 980) 



Fig 027 — Structure and Radio autograph of Thyroid in Normal and in Graves’ Disease 

(Hamilton, Radiology, 1942, 39, 557 ) 

A Normal thyroid Left = Photomicrograph , Right = corresponding radio autograph Note that the 
presence of radio active iodine in gland produces areas of darkening, thus demonstrating the dis 
trlbution of thjroid hormone 

B Hjperplastic tlijroid Left=Some of the large vesicles arc filled with colloid others are emptj 
Right = Radio autograph shows that most of the radio active iodine is in the former vesicles 


Hyperthyroidism (Graves’ Disease, Exophthalmic Goitre) — In this 
disease there is excessive activity of the thyroid gland The gland is usually 
only moderately enlarged , the vesicles vary in appearance, some are collapsed 
(Fig 616, C), others are enlarged, and their epithelium is thrown into folds 
Some of the large alveoh are empty of colloid, while others are filled with 
colloid rich m iodine (Fig 627) The average iodine content of the colloid is 
very low, about 0 26 mg per g of dry thyroid (normal 2 mg ) , the concentra- 
tions m the thyroid of all the three iodine fractions is reduced, the thyroxine 
being especially affected as it is bemg rapidly secreted into the blood The 
plasma hormone iodine level is markedly increased and is probably the most 
rehable index of the degree of overactivity of the gland (Fig 62S) 
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It is interesting to note that in Graves’ disease there is often great enlarge- 
ment of the thymns and hyperplasia of the lymphoid tissues Extravasations 
of lymphoycytes (lymphorrhages) ate found in the skeletal muscles and 
especially m the eye muscles Removal of the diseased thyroid leads to 
regression of the thymus The significance of these findings is not known 
The initiating factor which causes the thyroid to become overactive has 
not been identified, but emotional stress acting via the hypothalamus on the 
anterior pituitary (p 980) may sometimes play a part Some cases of simple 

adenoma of the thyroid 
may, at some stage, begin 
to secrete excessively and 
produce symptoms of 
hyperthyroidism 

The mam changes m 
Graves’ disease are as 
follows 

(1) Metabolic Rate — 
The cardinal symptom is 
the increased basal meta- 
bolic rate, which is the 
result of excessive secretion 
of thyroxine The 
pulmonary ventilation, the 
oxygen consumption, the 
C0 2 output, the nitro- 
genous excretion in the 
urine are all increased as 



DAYS AFTER SUBTOTAL 
THYROIDECTOMY 

Fro 628 — Changes in Serum Precipitable Iodine 
(Hormone Iodine) in cases of Hyperthyroidism 
before and after subtotal Thyroidectomy 
(Winkler et al , J elm Investig , 1946, 25, 407 ) 

The normal range of scrum hormone Iodine is 4-8 g.g-% 

Administration of therapeutic doses of iodine temporarily lowered 
the level of serum hormone iodine Administration of iodine 
was stopped on day of operation 
Removal of the thyroid further lowered the serum hormone 
iodine level In the low er curve the level became subnormal 


a consequence The energy 
output at rest may m 
moderate cases be 50% 
above normal (te BMR 
+ 50) and m severe cases 
100% above normal 
(BMR +100) (Fig 221, 
P 377) 

(2) Blood Hormone 
Level — The level of 


hormone (precipitable) iodine m the serum is elevated to a degree which is 
proportional to the severity of the clinical disturbance (Fig 628) 

(3) Circulation — The rate of the heart is greatly increased (e g to 140 
per minute at rest) , the diastolic recovery period is thus greatly shortened 
The cardiac output (and therefore the work of the heart) are likewise increased 
to supply larger amounts of oxygen to the overactive tissues To increase 
heat loss and thus prevent a rise of body temperature resulting from the 
increased heat production, the cutaneous arterioles and capillaries are dilated 
and the skin is flushed and moist , skin temperature is notably raised m the 
toes and to a less extent in the fingers The blood pressure does not show 


constant changes , ,, , 

Thyroxine accelerates the heart and increases its excitability partly oy 
a direct action (p 274) , it is not known whether thyroxine in excess directly 
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damages the heart muscle Signs of heart failure often supervene, and auricular 
fibrillation may develop 

(4) Special Metabolism — ( 1 ) There are signs of mild diabetes , the 
blood sugar may be raised (mamly because of mcreased conversion of glycogen 
to glucose m the hver) and glycosuria is frequently present The glucose 
tolerance curve is raised, partly owing to more rapid glucose absorption from 
the bowel 

(n) The serum cholesterol is lowered, e g from the average normal of 
180 mg down to 120 mg-% , the total blood fat concentration is likewise 
decreased 

(m) In normal adults creatine is absent from the urme or present only in 
traces (normal range 0-60 mg /24 hr ) , m Graves’ disease considerable 
creatmuna develops (Fig 632) associated with an elevation of the serum 
creatine level Thyroxine apparently mterferes with the retention of creatine 
in the muscles Normally, if a test dose of 2 6 g of creatme is ingested, 
about 70-80%. is retained in the body (presumably m the muscles) the rest 
being excreted m the urme In Graves’ disease a much smaller fraction is 
retained and correspondingly more is excreted 

(iv) There is some rarefaction of the bones from mobilization of calcium 
salts and their excretion in the urme (serum calcium tends to fall) 

(v) There is frequently depressed liver function as shown by the results 
of the galactose test (p 830) 

(5) A fine tremor of the voluntary muscles is present , its mode of produc- 
tion is unknown 

Role of Vitamin Lacl — Some of the changes m Graves’ disease may be 
secondary to vitamin deficiency Thus an increase m tissue metabolism leads 
to increased utilization and therefore to a greater need for the vitamins 
of the 13-group As the patient’s appetite and food intake are poor, vitamin 
lack develops In hyperthyroid animals it is possible to prevent the usual 
depletion of hepatic glycogen and the loss of weight, and also to reduce the 
pulse rate by giving the vitamm-N complex It is claimed that clinically, 
pyndoxme (p 1028) improves the muscular weakness, and that if vitamm-Z) 
is added to the diet the characteristic calcium loss from the bones may be 
prevented 

(6) Eye Signs in Graves’ Disease 1 (Fig 629) — The principal eye 
changes are (i) exophthalmos , (n) retraction of the upper lids , (m) w eak- 
uess of the external eye muscles (ophthalmoplegia) All these eye signs are 
largely due to excessive deposition of fat at the back of the orbit and in the 
external eye muscles The resultmg mcrease m the volume of the retro- 
and pen-bulbar tissues pushes the eyeball forward, producmg exophthalmos 
The levator palpebrae supenons is very commonly infiltrated with fat to a 
considerable extent , this may be the cause of the spasm of this muscle v Inch 
leads to the retraction of the upper lid The fat content of the external eye 
muscles is always mcreased , m chrome cases these muscles show marked 
degenerative changes with disintegration, infiltration with lymphocytes and 
disappearance of many fibres (Fig 630) which account well for the muscular 
neatness It should be emphasized that these changes are not limited to 

1 Br-un, Lancet, 1939, u, 1217 Pochm, Clxn Set , 1939, 4, 91 Rundle and Wilson, 
Clxn Set, 19- 1 - 1 — 1 5, 5, 17, 31, 51 Woods, Medicine, 194G, 2o, 113 Dobyns, J chn 
Lndocnn , 1950, 10, 1202 



992 


CAUSES OF EXOPHTHALMOS 


the eye muscles , similar, though less marked, changes occur m all the skeletal 
muscles, and may account for the generalized muscular weakness It is note- 
worthy that the accumulation of fat m the orbit and muscles occurs even m 
patients who are greatly wasted , such hyperthyroid cases may have more 



Fio 629 - — Exophthalmic Goitre (Simpson, Major Endocrine 
Disorders, 2nd edn , Oxford University Press, 1948) 

Note the eye changes 

fat in the sites named than obese (non-hyperthyroid) patients In Graves’ 
disease there is thus a mysterious derangement of fat deposition m certain 
localities contributing to, or associated with, great muscular weakness 

Role of the Sympathetic Nerves — In acute animal experiments exoph- 
thalmos results from sympathetic stimulation which causes contraction of 
the retro-ocular muscle of Muller (p 708) In man, however, this structure 
is vestigial and is unable to produce a bulging forward of the eye As the 
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exophthalmos of Graves’ disease persists after death it cannot be due to 
muscular contraction or to vascular engorgement Section of the cervical 
sympathetic does not affect the exophthalmos or abohsh the lid retraction , 
the latter is thus not due to overaction of the smooth muscle fibres in the upper 
hd , the striated fibres in the lid supplied by the third nerve must be the ones 
involved When retraction of the upper lid is due to sympathetic overaction 
causing contraction of the smooth fibres of the superior tarsal muscle (p 708), 
it is accompanied by a depression of the lower lid , m Graves’ disease on the 
contrary, the lower lid is raised relative to the cornea The pupils in Graves’ 
disease are not dilated as would be the case if there were sympathetic over- 
action 

Role of Thyrotrophc Hormone — As m]ection of thyrotrophin pioduces 



A B 

Fio 630 — Changes m Eye Muscles m Exophthalmic Goitre (Aird, Ann int Med ) 

A Normal extra ocular muscle (man) Note well formed, deeply stained long fibre3 
B Extra ocular muscle in patient with severe exophthalmos (same magnification &b m A) A few dprfcly 
staining fragments of muscle fibres are still visible, hut the main features are oedema, eztensftp 
infiltration with round cells, degenerated muscle fragments and fibrosis 


exophthalmos in many species there has been a natural tendency to attribute 
the exophthalmos of Graves’ disease to pituitary overaction (and to suggest, 
in addition, that the thyroid hyperplasia is due to the same cause) There 
are serious objections to this view 

(i) The orbital changes m Graves’ disease (fat accumulation) are distinct 
from those produced by thyrotrophin m animals (oedema) 

(n) There is no proof of increased blood thyrotrophin m Graves’ disease, 
but this may be due to the fact that the hyperplastic gland inactivates thyro- 
trophin rapidly (p 980) 

(m) In conditions m which the blood thyrotrophin concentration is 
increased, e g m myxeedema, cretinism, simple lodme-deficiency goitre, and 
utter administration of thiouracil and related “ goitrogens,” there are no eye 
changes 

(rv) In Graves’ disease the eye changes follow an independent course 
r °m that of the hyperthyroid manifestations and are not related to them 
in time or severity They are not necessarily reheved by thyroidectomy or 
ether procedures which decrease the hyperthyroidism Exophthalmos may 
be unilateral 
32 
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The remote cause of the eye changes m Graves’ disease is therefore still 
obscure 

Treatment of Graves’ Disease — (1) Operative Removal of sufficient 
thyroid tissue usually cures Graves’ disease The serum hormone level and 

the chmcal state are the 
best guides to the amount 
of thyroid substance which 

The administration of 10-70 
mg of iodine daily may 
lower the basal metabohc rate 
(B M R ), eg from + 80 to 
+20 (Fig 631) 1 The chmcal 
condition improves for about 
2 weeks, and the patient is 
better able to stand operative 
procedures , iodine medica- 
tion also prevents the post- 
operative crisis which some- 
times occurs with fatal results 
Fig 631 shows that when 
iodine treatment is continued 
for a longer time, the chmcal 
condition begins to deteriorate 
and settles down to a state 
roughly midway between that 
originally present and the 
stage of maximum benefit 
o 20 40 60 so ioo 120 140 It is important to remember 

time in days that the discontinuance of 


must betaken away (Fig 628) 
( 2 ) Action of Iodine — 



Fig 631 — Effects of Therapeutic Administration 
of Iodine (as KI) m Graves’ Disease (After 
Mellanby, Nutrition and Disease, 1934 ) 

Record from above downwards 
Body v eight m lbs 
Pulse rate per minute 
B M R as per cent above normal 

Pot Iodide was given first in doses of 4 grains daily Note 
the increase in weight, the fall in pulse rate and the 
decrease in B M R After 20 days, the pulse rate and 
B M R began to rise again in spite of treatment , they 
stayed approximately at the new level when the dose 
was reduced to 2 grains daily 

When the iodide treatment was stopped, there was a sudden 
marked increase in pulse rate and B M R They fell 
again on resuming treatment 


iodine treatment leads to an 
exacerbation of the symptoms 
These large doses of 
iodine inhibit the secretion of 
thyroxine into the blood , 
the level of serum hormone 
iodine is decreased (Fig 628) 
Iodine treatment depresses 
the thyroid epithelium (i e 
diminishes the hyperplasia), 
and promotes storage of colloid 
m the vesicles which become 


distended The iodine content of the gland is increased, e g from 0 25 to 
2 3 mg of I per g dry weight , all three forms of iodine are stored m larger 
amounts, including thyroxine Iodine treatment does not bring about a 
complete cure as the gland is only partially, and temporarily, restored to a 
more normal, “ restmg ” state 

1 Therapeutically administered iodine acts by raising the blood inorganic iodide level 
(p 982) 
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Fig 632 — Effect of Thiouracil in case of Hyper- 
thyroidism (Barr and Shorr, Ann vnt Med , 
1945, 23, 758 ) 

Records from above downwards 

Dose of thiouracil administered in g per 24 hr 

Serum cholesterol in mg /100 cc 

BlIJ % above or below normal (0= normal) 

Urinary creatinine in mg /24 hr 

Urinary creatine in mg /24 hr 

Creatine retained as % of dose administered 

Administration of thiouracil restored metabolism to normal 

Rote Serum cholesterol rose (from 200 to 450 mg-%) 

B1IE fell (from +40 to -10) 

Urinary creatinine output fell (normal range 1200-1700 mg /24 
hr ) 

Urinary creatine normal output 0-G0 mg /24 hr Rote the 
high creatine output in hyperthyroidism (200-G00 mg /24 
hr ) After treatment the creatine output fell to 50-20C 
mg /24 hr 

Percentage creatine retained after a test dose (given by mouth) 
rose from 25-50% to over 75% 
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( 111 ) Action of Thioueacil and Related Compounds — As already 
explained, many thio compounds inhibit thyroxine synthesis m the thyroid 
gland (p 975) Some of these substances are very useful in the treatment of 
Graves’ disease Methyl thiouracil is most generally employed clinically 
After a latent period of 1-2 weeks, the pulse rate and. BME begin to fall, 
the body weight increases and the clinical state improves (Fig 632) After the 



Fig 633 — Therapeutic Action of Radio Active Iodine ( 131 I*) 
in Graves’ Disease (Kelsey et al , J elm Investig , 

1949, 9, 199 ) 

One dose of radio active iodine was administered at the time indicated 
by the arrow The thyroid decreased progress^ ely in v eight from 
45 g to 10 g and flnallj almost completely disappeared The BME 
fell from +50 to less than —20 The induced myveedema vas treated 
with desiccated thyroid 
1311 » gives off fi and y radiations 

maximal improvement has been attained, the patient is given small mainten- 
ance doses, which may completely control the symptoms and signs of hyper- 
thyroidism , the thyroid enlargement, however, persists (or the gland may 
enlarge even further) and the eye changes are unaffected The drug must 
be employed with care as agranulocytosis and other unpleasant side actions 
may develop The thio compounds control the hyperthyroidism by inhibiting 
thyroxine formation The fall of blood thyroxine may stimulate thyrotrophm 
formation and thus induce further thyroid hyperplasia The histological 
appearance of the gland, therefore, remains that of untreated Graves’ disease, 
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% e the vesicles are collapsed and colloid free, the lining cells are tall, eg 20 fi 
in height, and contain vesicular nuclei 10 g in diameter , the gland is congested 
and friable and may be difficult to remove if operation becomes necessary 
The thyroid cells may ultimately degenerate , if this occurs, further thiouracil 
treatment may become unnecessary The general result, however, is to leave 
an enlarged vascular hyperplastic gland which has ceased making excess 
thyroxine because the drug has inhibited thyroxine formation 1 

(iv) Administration of Radio-Iodine ( 131 I i ) — As already explained 
(p 973) the thyroid “ collects ” I from the extracellular fluids, with the result 
that the thyroid inorganic iodide concentration may be hundreds of times 
greater than that m the blood or the tissue fluids generally If suitable 
doses of radio-active I are administered to patients with Graves’ disease, it 
accumufates m the thyroid in sufficient concentration to damage or destroy 
most of the alveoli without injuring the rest of the tissues of the body 
Marked clinical improvement has been obtained in this way 2 (Fig 633) 

CALCIUM AND PHOSPHORUS METABOLISM 

Calcium and Phosphorus Metabolism — The absorption and excretion 
of calcium and phosphate, their level m the blood and in the other body 
fluids, and their behaviour m bone, are so closely inter-related that it is best 
to consider the metabolism of both substances together 

Calcium Metabolism — Calcium in Food — The chief sources of calcium 
in food are 

(i) Milk (120 mg /100 c c or about 660 mg /pint), and cheese (about 
800 mg /100 g ) ( Human milk contams only 30 mg /100 c c ) 

(n) The concentration of calcium m the body fluids and m ammal 
tissues (other than bone) is low , meat contams very httle calcium (about 
10 mg /100 g ) Most green vegetables are likewise poor m calcium and lose 
much of what they contain when boiled 

(m) Flour contains 20-25 mg /100 g , in Great Britain all flour has added 
to it 60 mg of CaC0 3 /100 g with the result that bread has become an 
important source of calcium that can compensate for a deficiency of milk and 
cheese 3 

Absorption of Calcium — This takes place in the small intestine and is 
always incomplete , what is not absorbed is passed out in the faeces The 

1 It is interesting to compare the formulas of alloxan (which poisons the islets of 
Langerhans), and thiouracil and methyl thiouracil (which poison the thyroid) 

Alloxan Uracil Thiouracil Methyl thiouracil 

(3) NH—CO (4) NH— CO NH—CO NH— CO 

(2) CO Jo (5) CO CH (2) CS CH CS CH 

II I I! I I! I II 

(1) NH—CO (6) NH— CH NH— CH NH— CCH 3 (6) 

[S m (2) [Methyl in (6) 

position] position] 

2 Kelsey et al , J elm Imestig , 1949, 9, 171 

3 The special arrangements m force m Great Britain to ensure the larger calcium 
requirements of children and pregnant and lactating women are described on p 1064 
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amount absorbed depends on the composition of the food and the conditions 
in the bowel In general the amount of calcium absorbed depends ( 1 ) on 
the extent to which it is in the form of soluble salts , (n) directly on the 
calcium mtake (i e other things being equal the greater the calcium intake 
the greater the absolute amount absorbed) , (in) on the vitamin-D intake 

(1) Reaction in Intestine — When the acidity of the bowel contents is 
increased, the more soluble acid calcium phosphate is formed, which is more 
readily absorbed , conversely, increased bowel alkalinity leads to the forma- 
tion of more of the msoluble Ca 3 (P0 4 ) 2 and CaC0 3 , and consequently less 
absorption The pH of the upper small intestine is normally slightly acid, 
that of the lower part is neutral or alkahne 

(2) Steatorrhcea — In conditions m which fat is passed out in excessive 
amounts in the fseces (p 798) much of the food calcium is precipitated as 
msoluble and unabsorbable calcium soap of fatty acids Absorption of fat- 
soluble vitamins may also be impaired m steatorrhcea , when such is the case, 
the faulty calcium absorption is also in part due to vitamin-D deficiency 
Administration of small parenteral doses of vitamm-H increases calcium 
absorption in these patients 

(3) Phytic Acid (Inositol Phosphoric Acid) — This constituent of 
flour precipitates the calcium in the bowel as the insoluble and unabsorbable 
calcium phytate High-extraction flour (85% and more) because of its 
high phytic acid content, may induce calcium deficiency unless the flour is 
“ reinforced ” with calcium salts (p 1058) 

(4) In infants fed on cow’s milk only 35% of the calcium intake is 
absorbed , if they are breast fed 50-70% of the calcium is absorbed 

(5) Vitamin-D — This vitamin, acting m an unknown way, is essential 
for the adequate absorption of calcium from the bowel m children , m adults 
it appears to be less important (p 1010) except m cases of steatorrhcea (m, 
supra ) and in certain rare bone diseases 

Calcium in Blood — The calcium of the blood is almost entirely m the 
plasma , determinations are usually made on serum The normal range of 
serum calcium is 9-11 5 mg /100 c c The serum calcium exists in two forms 

(1) Indiffusible calcium, which cannot pass through artificial membranes 
like cellophane, or through the capillaries into the interstitial fluid, or through 
the choroid plexus into the cerebrospinal fluid It is bound with the plasma 
protems, chiefly with serum albumin About half the total serum calcium 
is m the indiffusible form , it is physiologically unimportant and varies m 
amount with the plasma protein concentration This bound calcium of the 

1 serum may be greatly increased m diseases m which abnormal plasma protems 
occur 

(2) Diffusible Calcium — This is the physiologically important fraction , it 
is wholly or mainly m the ionized form The normal range is 4-5 mg /1 00 c c 
which is a much higher concentration than can be obtained when calcium 
phosphate is dissolved m distilled water , the factors m plasma which increase 
the solubility of calcium salts are obscure, but some workers believe that the 
parathormone concentration may be important 

The serum calcium level depends on 

(i) The amount absorbed from the intestine (supra) 

(n) Parathyroid hormone level (p 1003) 

(in) Plasma protein concentration and composition (p 140) 
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(iv) Plasma inorganic phosphate level 1 serum Ca generally varies 
inversely as plasma phosphate concentration, the product 
of the two (each expressed as mg-%) being normally 60 m 
children and less (about 40) in adults The relationship is well 
illustrated m the Table below, which shows the effects of para- 
thyroidectomy and subsequent injection of three doses of 
parathormone 



Serum Ca m 

mg-% 

Plasma Inorg Phos 
phate m mg-% of P 

Normal 

11 0 

55 

After parathyroidectomy 

52 

10 9 

Inject parathormone 

67 

S 8 

y> 

11 2 

5 7 

99 99 

16 1 

20 


There are however many exceptions to this generahzation , thus m rickets 
(p 1010) both the serum Ca and inorganic phosphate may be reduced 

Serum calcium is lowered 

(i) When there is reduced absorption of calcium from the intestine, e g in 
rickets and steatorrhcea, or when the calcium intake is very low 

(n) In hypoparathyroidism 

(m) In some forms of renal failure in which there is phosphate retention 
leading to a secondary fall of serum Ca 

Serum calcium is raised 

(l) In hyperparathyroidism 

(n) In diseases in which abnormal plasma proteins occur (as stated above) 

(m) After administration of very large doses of vitamin-D (100,000- 
500,000 units per day) 

(iv) After sudden immobilization, e g confinement to bed with extensive 
plaster casts as after fracture of the spine 

Excretion of Calcium — (1) By the Bowel — There is no doubt that 
calcium is actively excreted by the intestinal mucosa (possibly of the large 
intestine) from the blood into the lumen of the bowel The evidence is as 
follows 

(1) If a calcium salt containing a trace of the radio-active isotope ( 44 Ca'' , 
half life 180 days) is injected intravenously m ammals, 10% of the dose may 
be eliminated in the fseces in 10 days 

(li) On a daily calcium intake m man of only 110 mg , as much as 200 mg 
may be lost daily m the fasces 

The calcium passed out m the fasces is thus derived from two sources 
(l) food calcium which has not been absorbed , (n) body calcium which has 
been excreted from the blood by this route No explanation has been offered 
to account for this excretion, which may contmue even when there is calcium 
lack 

(2) By the Kidney — The amount excreted m the unne vanes widely, 
e g from 50 to 250 mg per day , it is related to the amount absorbed and to 
the serum Ca level , if the latter is below 6-8 mg-% the urinary excretion is 
minimal , if it is raised above normal the urinary output correspondingly 

1 Inorganic phosphate concentrations are always expressed as mg of P (per 100 cc ) 
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rises The calcium output in the urme is raised m ( 1 ) hyperparathyroidism, 
(u) acidosis, and (in) hyperthyroidism (p 991) , m these conditions calcium 
is withdrawn (“ mobilized ") from the bones With a normal calcium intake 
more calcium is lost m the faeces than m the urine . 

Calcium Requirements — To be m a state of calcium balance the 
calcium intake must equal that passed out m the faeces and urme Calcium 
must be retained m growmg children and during pregnancy , during lactation 
additional calcium is needed to make good the loss m the milk The recom- 
mended daily calcium intake in various states (given below) is 50% above 
the probable mmimal requirements, thus providing a margin of safety 
Adult 12 mg /kg , or 750 mg m all 

First 6 months breast fed, 45 mg /kg , artificially fed (cow’s mi lk), 
150 mg /kg (the difference is due to the different degrees of calcium absorp- 
tion) 

6 months- 9 years 800-900 mg 
9-16 years 1000-2000 mg (1-2 g ) 

Over 16 years gradually decreasing to adult level 
Pregnancy the calcium content of the foetus at 28 weeks is 5 g , at 40 
weeks (p 1059) it is 30 g The calcium intake should be increased to allow 
for a calcium retention of 50 g m all, to provide a generous margin of safety 
The mtake should be 1 5 g in the first months of pregnancy rising to 3 g 
daily in the last 3 or 4 months 

Lactation over 3 g are needed daily to allow for the calcium loss m the 
milk and the unexplained mcreased loss from the bowel It should be 
emphasized that at the height of lactation a woman loses about ten times 
as much calcium daily in the milk as she lost to the foetus daily during the 
last stages of pregnancy 

Functions of Calcium in the Body — (1) Bone — The inorganic 
material of bone consists of calcium salts of phosphate (85%) and carbonate 
which are deposited m a protein matrix , there is a nucleus of Ca 3 (P0 4 ) 2 on to 
which is absorbed chiefly CaC0 3 but also CaHP0 4 and Ca(OH) 2 Half the 
weight of a bone is calcium salt , 97% of the body calcium is found m the 
bones The calcium of bone is constantly undergoing exchanges with the 
body fluids Thus, if a calcium salt contaimng a trace of the radio-active 
isotope 44 Ca H is injected intravenously 86% of the dose is taken up by the 
bones m 100 minutes , about 5% of this skeletal “Ca* is given up m 10 days 
and replaced by a corresponding amount of calcium which has been taken 
up from the body fluids The entire calcium of the bones might thus be 
“ turned-over ” in some 200 days The special affinity of bone for calcium 
is shown by the fact that it takes up calcium about 130 times as rapidly as 
skeletal muscle As the salts of bone are derived from the body fluids, 
satisfactory calcification depends on a normal serum concentration of Ca 
and phosphate ions Other important factors are 

(i) Alkaline phosphatase, which is present m the centre of ossification m 
the hypertrophied cartilage cells and m the osteoblasts , it acts on the 
hexose phosphate brought m the blood and releases inorganic phosphate, 
thus raising its local concentration The solubility product for calcium 
phosphate is consequently exceeded, with the result that insoluble calcium 
phosphate is precipitated out The mode of precipitation of calcium 
carbonate is unknown 
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(n) Vitamm-D, winch m addition to maintaining the normal serum Ca 
and inorganic phosphate levels by promoting absorption m the intestine also 
exerts an obscure direct action on the bone itself 

Other functions of calcium are discussed elsewhere as indicated below 

(2) Excitability of nerve fibres and nerve centres (p 1004) 

(3) Relation to clotting of blood (p 140) and milk (p 776) 

(4) Relation to contraction of heart muscle (p 236) 

Phosphorus Metabolism 1 — Phosphorus in Food — The chief food 
sources are set out below 

(i) Milk (90 mg /100 g or about 500 mg /pint) and cheese (about 
700 mg /100 g ) mostly as inorganic phosphate and partly in the phospho- 
protem casemogen 

(n) P is found m animal tissues m (a) nucleoprotems and nucleotides 
(p 878) , (b) phosphatides, e g lecithin (p 861) , (c) phosphoprotems 
(casemogen, ovalbumin of egg) , ( d ) combined with coenzymes, e g flavin, 
(p 1028) , coenzyme-I (p 840) , (e) as inorganic phosphate Skeletal muscle 
contains creatine phosphate (p 429), adenosine triphosphate (Fig 553), and 
hexose phosphate and its tnose derivatives 

Absorption op Phosphorus — Phosphorus is always absorbed from 
the small intestine as inorganic phosphate , thus the organically bound 
phosphate must first undergo appropriate digestion m the intestine to release 
the inorganic phosphate Phosphate absorption is facilitated by the forma- 
tion of the more soluble salts and by the presence of vitamm-D 

Phosphorus in Blood — The red cells contain large amounts of 
organically bound P (85 mg /100 c c ) m phosphate esters and phosphatides 
The plasma P is mostly m the form of inorganic phosphate The normal 
serum inorganic phosphate concentration is 5-6 5 mg-% m infants and 3-4 5 
mg-% m adults , this phosphate is mainly m the form of B 2 HP0 4 

Serum phosphate is reduced m rickets, m the related condition of osteo- 
malacia, m defects of the intestinal mucosa (e g sprue) and m uncomphcated 
hyperparathyroidism , it also falls temporarily, after a carbohydrate meal or 
an injection of insulin 

Serum phosphate is raised m renal failure, acromegaly, after injection of 
pure growth hormone, and m simple hypoparathyroidism The inverse 
relationship commonly (but not invariably) found between serum phosphate 
and Ca concentrations was considered on p 999 

Excretion of Phosphorus — The P passed out m the faeces is food P 
which has not been absorbed On an average 60% of the total P loss is m 
the urine Both parathormone and thyroxine increase the elimination of 
phosphate in the urme (p 1003) The role of the phosphate m the urine is 
discussed on p 94 

Phosphorus Requirements — The adult requirement is 1 4 g daily , on 
any reasonable diet the P supply is sufficient for all needs 

Functions of Phosphorus in the Body — (1) Bone (see p 1000) 

(2) Metabolism — Organic phosphate is present in large amounts in all 
tissue cells m many forms (cf Fig 2) It is concerned with numerous meta- 
bolic changes m the body in connection with carbohydrate (p 844), skeletal 
muscle (p 429), and fat metabohsm (p 864) , it is concerned in the action 

1 Phosphorus concentrations are expressed in terms of mg of P (and not of phosphate) 
per 100 c c or 100 g 

32* 
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of many coenzymes (p 840) The importance of high energy phosphate 
bonds m energy transfer is discussed on p 842 

(3) Regulation of R-ion concentration of blood and urme (see p 94) 

(4) In some circumstances morgamc phosphate is released from the 
organic phosphate in the tissue cells, passes into the blood and serves as a 
source of urinary phosphate (p 95) 

Phosphatase Activity — Phosphatase hydrolyzes monophosphonc esters 
releasing morgamc phosphate Two types of phosphatase are found m the 
body, the alkaline and the acid 

(1) Alkaline Phosphatase, 1 which acts m an alkaline medium, is present 
in all tissues and body fluids the highest concentration is found in actively 
ossifying cartilage (centres of ossification, growmg epiphyses) and periosteum, 
intestinal mucosa, kidney, and liver Alkaline phosphatase is concerned 
with many chemical processes, e g (l) precipitation of calcium phosphate m 
bone (p 1000) , (u) hydrolysis of phosphate esters m the intestine leading 
to phosphate absorption , (in) hydrolysis of phosphate esters m the kidney 
which have been formed presumably m connection with the tubular reabsorp- 
tion of glucose and other constituents , (iv) hydrolysis of glucose-6-phosphate 
m the hver releasing glucose mto the blood (p 845) , (v) possibly with the 
synthesis of tissue protein (p 935) 

The normal serum alkaline phosphatase (in Bodansky umts per 100 c c ) 
is 1-4 umts m adults and 5-14 umts m children , it is derived chiefly from 
the bones The level is increased in the following conditions 

(1) Diseases of bone, presumably because of increased local formation of 
phosphatase, eg m active rickets (to 20-190 umts), osteitis deformans 
(Paget’s disease) (to 15-125 umts), hyperparathyroidism (to 20-40 umts), 
and secondary deposits m bone from a primary carcinoma of prostate (p 1116) 
It is also increased by injection of pituitary growth hormone 

(n) Disorders of the liver and bihary tract (obstructive and toxic 
jaundice) the explanation is obscure The rise has been attributed to 
failure of the hver to secrete the enzyme into the bile or to regurgitation of 
the enzyme from the bile mto the blood 

(2) Acid Phosphatase, which acts m an acid medium (pH 5 5), is formed m 
small amounts m many organs the normal serum concentration is less than 
3 units per 100 c c The prostate after puberty has a high acid phosphatase 
content (p 1115) , m cases of carcinoma of the prostate with secondary 
deposits in bones and lymphoid tissue, the serum acid phosphatase is usually 
raised A value exceeding 10 umts per 100 c c is abnormal (p 1116) 

THE PARATHYROID GLANDS VITAMIN-D 

The Parathyroid Glands 2 — The parathyroid glands are normally four 
m number They consist of masses or columns of cells, with numerous wide 
vascular channels between them The cells are of two types (l) principal 
or non-granular cells with faintly staimng nuclei , (u) a few eosinophil cells 
with well-marked nuclei , these latter cells do not appear until puberty 
The significance of this histological differentiation is unknown 

1 Moms and Peden, Quart J Med , 1937, 6, 211 

2 Albright and Reifenstein, Parathyroid Olands and Metabolic Bone Diseases, Baltimore, 
1948 
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Parathyroid Hormone, Parathormone — The active principle of the 
parathyroids is called parathormone It is prepared by acid extraction 
of fresh parathyroid glands , it 

is freely soluble m water, and p *“ 

.s usually administered sub- | PARATHORMONE, 

cutaneously or intravenously , £ Cs g _ 75 umts _ 

it is effective when given by ^ ^ . 

the mouth in large doses The § ^ I /N, 

results of deficiency or excess ^ ^ 3 _ y / \ — 

of parathormone are well to 

established and are described m 

detail below The most striking 7 1 1 J 1 ' 

and obvious effect of para- v, | 

thormone is on the level of serum ^ 

calcium, but the primary site ^ ^ 1 \ ~ 

and exact mode of action of the ^ ^ j \ 

hormone are, however, still kj ^ g _ j — 

obscure The following sug- ^ |i 1 ^ 

gestions have been made ! 

(1) The primary action of . 8 — 1 — ! — 1 — L - J — 1 — 1 — 1 — t ~ J — 1 — 1 — 1 — 

tlic hormone is to regulate the w “ ' 

excretion of inorganic phosphate ^ _ 1 

m the urine 4 . 1 — 

(l) The first observable effect ^ Jg 2 - P I , J T 1 _ 

of injecting parathormone in a Q j ill I I"' 1 I I IT" T 1 
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ism or in normal subjects is to ^ t __ r~rn 

increase phosphate excretion m ^ j . _ ' __ 

the urme (Fig 634) ^ 60- j ’ 

The subsequent course of ^ 1 , • ■ > 

events is thought to be as ^ ui ^ ° ~ P 

follows ^ 

(n) As a result the serum - 

phosphate level falls , faecal J rml 1 II M 11 . 1 

excretion of P is unaltered ^ 7 9 tl 1 3 5 7 

(m) Because of the reciprocal TIME 

relationship between serum Ca _ „ . _ 

and serum phosphate concenta- 

toons, the fall of serum P leads tion and on Serum P and Ca (After 

secondarily to an increase m Albright and Ellsworth, J elm Imcstig , 

serum Ca , the latter may rise 1929, 1, 183 ) 

to 15 mg-% Or more This Cose of Idiopathic Hypoparathyroidism 
hypercalcemia develops some- At %Xormonc ed b> thc arrow inJect 75 ° f 

what gradually and is associated Time in hours 

„ .-i ° J j, , , a Ordinates aboae Serum Ca and P in mg/100 c c 

With, a uOW Ol calcium out Ot Note high initial serum V (10 5) and low serum 

tile bones into the blood Ordinates below urinary excretion of Ca and P In 

(iv) The hypercalcsemia leads mg/hr 

In on Note that the increased excretion of P in the mine 

CO an increase m calcium ex- produces the initial fall of serum P The rise of serum 
cretion bv the Indnov Ca is secondary The urinary excretion of Ca was 

m, J . , , •' « , increased later (not shown in the Pig ) as a result of the 

llie net result is rarefaction hypercalcemia 
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Fig 634 — Effect of injection of Parathormone 
on Urinary Phosphate and Calcium Excre 
tion and on Serum P and Ca (After 
Albright and Ellsworth, J elm Imcstig , 
1929, 1, 183 ) 

Case of Idiopathic Hypoparathyroidism 

At tho time marked bj the arrow inject 75 units of 
parathormone 
Time in hours 

Ordinates aboae Serum Ca and P in mg/100 cc 
Note high Initial serum P (10 5) and low serum 
Ca (7 3) 

Ordinates below urinary excretion of Ca and P in 
mg/hr 

Note that the increased excretion of P in the urine 
produces ths initial fall of scrum P The rise of serum 
Ca is secondary The urinary excretion of Ca was 
increased later (not shown in the Pig ) as a result of the 
hype real emmia 
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of the bones, hypercalcsemia and the elimination of the bone calcium m the 
urine , calcium excretion in the faeces is unaltered 

The initial increased excretion of phosphate m the urme could be most 
readily accounted for by decreased reabsorption of phosphate by the renal 
tubules But no direct action of parathormone on the renal tubules has yet 
been demonstrated 1 Albright has suggested that parathormone “ affects 
the phosphate dissolved in the body fluids in such a way as to make it more 
readily excreted by the kidney ” , this phrasing suggests that parathormone 
acts primarily on the “ electrolyte equilibria of the body,” the other changes 
being secondary But we still remain m the dark as to what is the precise 
action of parathormone 

(2) Parathormone may have a direct action on bone By stimulating 
osteoclastic activity, for instance, more calcium would be liberated from 
the bone This would produce a rise in serum calcium concentration which 
would be independent of initial changes m renal activity That this may 
be so is suggested by the fact that parathormone causes a rise m serum 
calcium even after bilateral nephrectomy Alternatively, parathormone 
may increase the solubility of calcium m 'plasma and so disturb the electrolyte 
equilibrium between the extracellular fluid and bones, leading to an outflow 
of calcium from the bones 

(3) Parathormone may have multiple sites of action, eg on the kidney, 
the “ electrolyte equilibria ” and the bones 

Extirpation of the Parathyroids —The mam results in ammals and 
man are as follows 

(1) Urine — Parathormone lack leads to decreased excretion of phosphate 
m the urme, even to as httle as 2% of the preoperative level 

(2) Blood — As a result of the urinary changes the serum phosphate 
rises, e g from 5 5 to 10 9 mg-% , because of the mverse relationship between 
serum Ca and serum phosphate, serum Ca falls, e g from 11 to 5 2 mg-% , 
this fall only affects the diffusible (and lomzed) Ca 

(3) Nervous System — All the changes m the nervous system (peripheral 
and central) occurring after parathyroidectomy are due to the associated 
hypocalcsemia The effects of a fall of Ca ++ concentration must therefore be 
considered m some detail 

Experimental Studies — If a nerve fibre is bathed m fluid contaimng a 
subnormal Ca++ concentration, its excitability is increased it responds to 
stimuh which are subthreshold to the normal fibre , it may respond to a single 
stimulus with a repetitive discharge , it may generate a spontaneous tram of 
impulses Similarly the excitability of ganghon cells to acetylcholine is 
enhanced by a low Ca++ concentration (Pig 319) It is suggested that a low 
Ca ++ level depresses the “ accommodation ” of nerve, i e the process by 
which nerve resists the action of the exciting stimulus (p 494) The excita- 
bility of the central nervous system is also enhanced by hypocalcsemia The 
effects of hypocalcsemia are potentiated by ischsemia 

Clinical Studies — The following observations can be made m man 2 

(l) A cuff is wrapped round the upper arm of a normal person and inflated 
to occlude the brachial artery , the nerve trunks which are directly com- 
pressed by the cuff are thus deprived of their blood supply This ischsemia 

1 Jahan and Pitts, Amer J Physiol , 1948, 155, 42 

2 Kugelberg, Arch Neurol Psychiat , 1948, 60, 140 
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initially temporarily enhances the excitability of the affected nerve fibres, 
particularly those which have run the longest course from the periphery 
After a min ute’s compression the fibres from the skm of the hand begin to 
discharge spontaneously , these afferent impulses on reaching the brain 
give rise to a tingling sensation which is referred to the hand [If the 
ischaemia is maintained the excitability of the nerves under the cuff dechnes 
and the tingling disappears , later still the nerve fibres are paralysed and 
anaesthesia and weakness set m (p 752) ] 

(n) If hypocalccemia is present owing to parathyroidectomy, the procedure 
described above produces more striking results Spontaneous discharge 
of the affected nerve fibres sets in sooner and affects the motor as well as the 
sensory fibres The muscles of the hand contract, their pattern of activity 
depending on the number of motor nerve fibres affected and their discharge 
rate If a few motor fibres discharge at a low rate, irregular muscle twitchmgs 
occur , if many fibres discharge at a higher rate powerful muscular spasms 
develop , the position taken up by the hand depends on the relative strength 
of contraction of the opposing muscle groups 

In any clinical condition in which the diffusible (ionized) serum Ca 
is lowered, hyperexcitability of the peripheral nerves and of the central 
nervous system develops , the resulting state, known as tetany , is described * 
below 

(4) Clinical Manifestations of Tetany— (i) Carpopedal Spasm 
( Trousseau's Sign ) — Pressure is applied to a limb to compress the local 
nerves As explained above, the combination of ischaemia and hypocalccemia 
causes both the sensory and motor fibres affected to discharge spontaneously 
The hand generally adopts the “ obstetric ” position , the metacarpo- 
phalangeal joints are flexed, the fingers are extended, the thumb is drawn 
on to the palm, the wrist and elbow are flexed In the case of the lower limb 
the toes are plantar-flexed, and the feet are drawn up There is tingling in 
the distal part of the limb 

(u) Facial Irritability ( Chvostek’s Sign) — Because of the heightened 
excitability of the nerves to mechamcal stimulation, tapping over the facial 
nerve after its exit from the stylo-mastoid foramen results m contraction of 
the facial muscles 

(m) Laryngismus Stridulus — Without warning, the laryngeal muscles 
contract suddenly, and the glottis is closed , this may be the result of a 
spontaneous discharge of the motor nerve fibres No air can enter the chest, 
and progressive cyanosis develops After a variable period the spasm relaxes, 
and air enters with a “ crowing ” sound 

(iv) There is increased excitability of the motor nerves to the galvanic 
current Normally a kathodal opening contraction (k o c ) can be obtained 
with a current of not less than 6 milhamperes When contraction results 
from a current below 5 milhamperes, increased galvanic excitability is present 
In tetany, 0 6 milhamperes may be sufficient to produce a contraction A 
slowly rising current which is ineffective when applied to normal fibres because 
of the development of accommodation readily stimulates the nerve (e g 
ulnar) in states of hypocalcsemia, producing tingling and muscle spasm 

(v) Generalized convulsions may occur owing to enhanced central nen ous 
system excitability 

Parathyroidectomy m man may be carried out accid entail v in the course 
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of an extensive excision of the thyroid gland or as a deliberate therapeutic 
measure m cases of parathyroid tumour or of parathyroid hyperplasia 

Treatment of Parathyroid Deficiency — (i) The symptoms of tetany 
can be temporarily reheved by injecting parathormone which raises the serum 
calcium 1 , but as this calcium is withdrawn from the bones, such treatment is 
inadvisable for more than short periods in accidental parathyroidectomy, 
and is especially undesirable in patients operated on for parathyroid hyper- 
plasia m whom the bones are already dangerously weakened 
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Fig 635 — X ray Appearance of Bones in Clinical Hyperparathyroidism 

Case of generalized osteitis fibrosa (parathyroid adenoma) Left X-ray of right forearm of patient (P) 
Right that of normal hmb (N) simultaneously taken as control Note general and marked rarefaction 
and deformity of bones (Hunter, Brit J Surg , 1S32, 19 ) 

(n) The serum Ca may be raised temporarily by mtra venous injection 
of soluble calcium salts 

(m) The long term treatment consists m promoting greater absorption 
of calci um from the intestine Large doses of calcium (3 g daily) are given 
by mouth (eg 7 g of CaC0 3 or 22 5 g of calcium lactate daily) , in addition 
very large doses of vita min -P are given (2 5 mg daily = 100,000 mternational 
units (iu) = 100 times the therapeutic dose m rickets ) A synthetic steroid, 
dihydrotachysterol (AT10) given m doses of 0 1 c c daily acts like vitamin-D 
and promotes calcium absorption from the gut 

Hypercalcemia — With overdoses of parathormone, hypercalcemia and 
decalcification of bones occurs Finally severe toxic symptoms develop 
1 See Table on p 999, for changes in serum Ca and phosphate 
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The serum Ca rises to a critically high level , the usual inverse Ca/P relation- 
ship is not observed and the serum phosphate is also high Renal failure 
occurs the blood urea and non-protein-N are raised There is loss of appetite, 
diarrhoea, dullness, drowsiness, and general muscular fiaccidity , circulatory 
failure and coma ultimately develop 

Repeated injections of parathormone may, however, lead to the establish- 
ment of a non-reactive state m which the hormone no longer affects calcium 
or phosphorus metabolism This is presumably because parathormone is a 
protein and has been prepared from the glands of a different animal from 
the one to which it is given experimentally After repeated injections, anti- 
bodies to the foreign protein are probably formed which react with the 
injected material and interfere with its action There is no evidence of the 
development of such a tolerance to “ endogenous ” parathormone, i e a 
patient with hyperparathyroidism always responds to the excessive amounts 
of hormone which he secretes 

Causes of Clinical Tetany — Tetany occurs owing to (i) hypocalcemia, 
(u) alkalmmia 

(1) Hypocalcemia — Tetany from hypocalcemia occurs (1) after para- 
thyroidectomy (p 1005), (n) in rickets (p 1010) and m osteomalacia (p 1012), 

(m) in renal failure with phosphate retention (p 77) As already emphasized, 
it is the fall in diffusible serum Ca which affects nerve tissue , alterations 
m the amount of calcium combined with plasma protein are without action 

(2) Alkalemia — Alkalenna produces typical tetany without altering 
the level of diffusible serum Ca , it can be shown that the change m blood 
reaction directly increases the excitability of nerve tissues The symptoms 
are reheved by raising the H + ion concentration [e g by inhaling C0 2 -nch 
mixtures or administering acidifying salts such as NH 4 C1) 

Clinically, tetany from alkalmmia occurs 

(l) From excessive ingestion of alkali, e g sodium bicarbonate, as in the 
intensive treatment of peptic ulcer 

(n) In association with profuse vomiting, as m pyloric obstruction (p 105) 

(m) Following excessive pulmonary ventilation, e g voluntary hyperpnoea 
(p 108), or the hyperpnoea of nervous disorders like encephalitis lethargica 
(see legend to Fig 56, p 99) 

Control of Parathyroid Secretion — The glands are not controlled 
by the nervous system or by the anterior pituitary It is probable that the 
secretion of the parathyroid gland is regulated by the calcium concentration 
of the blood reaching it 

(i) Intravenous injection of 40 mg of Na oxalate in a dog initially lowers 
the serum Ca (by precipitating calcium oxalate) , rapid recovery of the 
serum Ca occurs m normal animals, but no recovery takes place m para- 
tkyroidectomized ammals 

(n) If decalcified blood is perfused through the parathyroids (and thyroid) 
of a dog and the venous outflow is infused into another animal it raises the 
serum calcium m the recipient by, eg 1 5 or even 4 5 mg-% 

(in) It is claimed that m several conditions associated with lowered serum 
Ca there is diffuse hypertrophy of the parathyroid glands 

Clinical Hyperparathyroidism 1 — This condition may result from 
diffuse hyperplasia of all the parathyroids or from a localized tumour 
1 Black, Surg Qyntc Obslei , J94S, S~, 172 
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(parathyroid adenoma, or, rarely, carcinoma) m one of them The effects of 
the resulting over-secretion of parathormone on the urine, blood, and bones 
are those described on p 1003 (effects of injection of parathormone) Briefly, 

there is a rise of serum Ca (even up to 29 mg-%) 
and a fall of serum phosphate , withdrawal of Ca 
from the bones , increased Ca excretion m the 
urme , initially increased and later decreased 
phosphate excretion When the hypercalcemia 
is severe it produces the toxic effects described on 

p 1006 

The variable changes which may occur in the 
bones are summarized below 

(l) There may be generahzed rarefaction of 
the bones (osteoporosis) (Fig 635) 

(n) The rarefaction may be more severe in 
certain bones, leading to formation of cysts , when 
many of these cysts are present, the condition is 
called osteitis fibrosa cystica (Fig 636) 

(m) If calcium absorption from the intestine 
and deposition of fresh Ca m the bones keeps pace 
with the dram of calcium out of the bones the 
skeleton may remain intact 

The increased excretion of Ca m the urme 
(which is secondary to the hypercalcsemia) may 
lead to formation of renal calculi In addition 
to the disabilities resulting from bony deforma- 
tion (e g fractures) acute attacks of parathyroid 
poisoning may occur, characterized by restlessness, 
tachycardia, prostration and vomiting 

In cases of parathyroid adenoma, removal of 
the tumour leads to a rapid fall of serum Ca, 
commonly to subnormal levels, with resulting 
tetany , serum phosphate may rise (Fig 637) 
The fall in serum Ca may set in within a few hours 
The blood changes are well illustrated m the Table 
on p 1009 (from C E Dent) , m this case no rise of 
serum P occurred during the first 10 days after 
the operation 

The post-operative hypoparathyroidism is 
treated as described on p 1006 , m successful cases 
the bones are ultimately effectively recalcified 
Renal Rickets — In some cases of renal disease 
m children, secondary parathyroid hyperplasia 
occurs, leading to progressive decalcification of 
the skeleton 

Vitamm-D 1 — Vitamin-D mcreases calcium and phosphate absorption 
from the intestine and also promotes calcification by a direct action on bone , 

- 1 Hess, Rickets, Osteomalacia and Tetany, London, 1930 Vitamins, MRC, Spec 

Rep , No 167, 1932 Bricknell and Prescott, Vitamins m Medicine, London, 2nd end , 
1947 



Fia 636 — Bony Changes 
in Hyperparathyroidism 

Case of generalized osteitis 
fibrosa (parathyroid ade 
noma) Sagittal section of 
right humerus from same 
patient as Fig 635 In 
the shaft are many dark 
areas representing cysts 
•which were either empty 
or filled with deep red jelly 
Note the great deformity 
of the shaft (Hunter, 
Brxt J Surg , 1932, 19 ) 
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it prevents and cures rickets The vitamin is found mainly m fish-hia oils 
{eg cod- or hahbut-Iiver oil) and in yolk of egg, it is present to a small 


Date 

Serum Ca in Mg-% 

Serum P in Mg-% 

16 June 

15 0 

1 5 

27 „ 

14 2 

1 5 

3 July (day of operation) 

14 9 


4 „ 

13 8 

1 1 

6 » 

11 6 



J „ 

96 

— r . ± 

10 „ 

94 

1 3 

12 „ 

10 3 

. 

14 „ 

98 

I 2 



MONTHS 

Fro 637 —Blood Changes before and after Removal of Parathyroid Tumour 
The ordinates represent serum calcium and inorganic phosphate in mg-% 

The blood was examined for 3 months before and 2 months after operation The piratlij rold tumour 
was removed at the point marked by the arrow Note the subsequent fall of serum calcium to in low 
the normal value of 10 mg-% Latent tetany de^ eloped (Hunter, Bnt J Sttrg , 1932 IV) 

degree m animal fats ( e g beef suet, milk), and is practically absent from 
vegetable oils {eg olive oil) and vegetable margarines (British margarine 
however, is now fortified with 60 i u per oz ) There are two mam tj pes 
of vitamin-# vitamin- D z ( calciferol ) and vitamin-D 3 Vitamin-#* is formed 
by ultraviolet irradiation of ergosterol, a substance found onh m lover 
plants such as yeast, and fungi (e g ergot, from which it is named) 
Vttamtn-D z is the naturally occurring substance found m egg-yolk, butter, 
and fish liver oils It is formed from 7-dehydrocholesterol present at the 
surface of the skin , activation by ultraviolet light opens ring B to produce 
vitamin-#, (Fig 638) The international unit (1 u ) of vitamin-# is the 
activity of 0 025 ft g of crystalline vitamin-#* (calciferol) i e 1 mg of 
-#*—40,000 l u 

The vitamin-# content of certain foodstuffs is as follows cod-lner oil 
a\ erage 500 i u per drachm , halibut-liver oil, 50 l u per drop , fresh milk 
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usually less than 50 1 u per pint , butter 10-100 i u per ounce , eggs, 60 i u 
per yolk of 20 g The vitamin-T) content of milk, butter, and eggs depends 
on the vitamin content of the diet and on the season, being higher m the 
summer than m the winter Milk, of course, is also rich m Ca and P The 
vitamin-D content of the common foodstuffs is set out m the tables on 
pp 1052 et seq 

Requirements — No one knows how much vitamm-Z) is needed by 
adults , 250 i u daily are undoubtedly adequate Pregnant and lactating 
women have larger requirements, as they must supply calcium for the foetal 
skeleton during mtra-uterme life, and for the milk (p 1059) Growing children 
need extra supplies of calcium to form new bone Both classes (i e mothers 

and children) need 500 i u of 



vitamm-jD daily to promote the 
necessary calcium absorption 
Some vitamin-D is synthesized 
in the skm (p 1011) 1 to 2 

pmts of milk and an egg daily, 
plenty of butter, fortified mar- 
garine, and “ fat ” fish, may 
supply 300 l u If the diet is 


inadequate (as it is m wartime 



and m most countries m peace- 
time), and even if it is adequate, 
pregnant and nursing women, 
and babies after weamng and 
up to the age of seven years, 
should receive supplements of 
vitamin-D concentrates (e g cod- 
or halibut-liver oil) (cf p 1061) 
Rickets — This disease of 


children is characterized by 


Fig 638 — Formation of Vitamin-D 3 from bones which are soft from 


7-Dehydrocholesterol deficient deposition of calcium 

salts and are therefore easily bent 
under the weight of the body, so that serious deformities may develop Further, 
the process of ossification at the epiphyseal line takes place m an abnormal 
manner Normally the epiphyseal line is a well-defined narrow strip of 
cartilage 2 mm deep, behind which regular ossification is proceeding In 
rickets the epiphyseal lme forms a wide, irregular band, which can be felt as 
a marked projection on the surface Normally the older cartilage cells 
degenerate and disappear, leaving many spaces into which the blood vessels 
and osteoblasts of the shaft can penetrate In rickets this apparently essential 
preliminary degeneration does not occur and so ossification is retarded The 
cartilage cells persist and go on multiplying, giving rise to a characteristic 
broad irregular cartilaginous zone In addition, the matrix between the 
cartilage cells and that of the new bone itself does not become adequately 
impregnated with lime salts, accounting for the softness of the bones T he level 
of serum calcium or of phosphate or of both is lowered , in active rickets the 
product of serum Ca X serum P (each expressed in mg /100 c c ) is 30 
(normal==60) Serum alkaline phosphatase is commonly raised 
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Rickets usually sets in about tbe sixth, month of life, and its intensity is 
directly related to the rapidity of bodily growth The disease may last foi 
several years with final healing There is conclusive evidence that the 
disease is due essentially to lack of vitamm-D 

( l ) A condition identical with human rickets is mduced in puppies if the 
diet is deficient m the foodstuffs contaimng vita min - T) The disease is 
prevented or cured by the administration of cod-liver oil or egg-yolk In 
puppies over 3 months old it is very difficult to induce rickets Similarly, 
human rickets tends to heal after the age of 2 years, even if the diet and 
environment remain unaltered 

When a diet has a barely minimum vitamm-D content it is found that 
rickets may be precipitated by increasing the cereal content of the food, 
eg by giving large amounts of bread and especially oatmeal The harmful 
agent m cereals is phytic acid, which interferes with the absorption of calcium 
by precipitating insoluble calcium phytate 

(u) An examination of the diets of children proves that rickets is associated 
similarly with a deficiency of foods containing vitamm-D, with an excess 
of cereals, and a deficient calcium intake Prophylaxis and cure result from 
correcting the diet 

(m) Ultra-violet Rays — Palm, m 1890, drew attention to the relationship 
between lack of exposure to sunlight and the incidence of rickets It is well 
known, too, that rickets tends to appear after the dark winter months, and 
to be healed during the bright summer months 

Rickets can be prevented or cured without improving the deficient diet 
by exposing the body to the quartz mercury vapour lamp or sunlight The 
ultra-violet rays are the active ones, chiefly those having a wavelength of 
300 py or less The radiation may be applied to any part of the body, and 
yet can cure the rickety bones generally The ultra-violet rays act by con- 
verting an inactive sterol ( 1-deliydrocholesterol ) in the skm, into the acti\ e 
anti-rachitic substance vitamm-_D 3 [The activity of vitamms-ZA and -D 3 is 
qualitatively and quantitatively the same m man ] 

Mode of Action of Vitamin-D — The vitamin promotes the absorption 
of calcium and phosphate from the bowel W r hen the vitamin is absent 
adequate absorption does not occur , there is an excessive loss of these 
substances in the fasces, and the calcium and/or phosphate level of the serum 
falls The bones are consequently supphed with blood which is deficient in 
the mineral constituents which are essential for ossification, with the result 
that soft and irregularly formed bone is laid down The vitamin also acts 
in some more direct manner on the bones, promoting calcification Adminis- 
tration of the vitamin causes degeneration of the growing cartilage cells of 
the epiphysis , this is followed by invasion of the older cartilage zone bv 
blood vessels which bring the necessary calcium salts and thus permit 
ossification to proceed In a short time the masses of irregularly arranged 
cartilage cells of the epiphysis are reduced to the normal short, orderly 
parallel columns 

There is a seasonal variation m the inorganic phosphate of the serum in 
children , it falls during the winter, reaching its minimum m March, and rises 
a gam to its maximum in the late summer Greater absorption of phosphate 
takes place m the summer owing to synthesis of vitamin-D m the skm by 
ultra-violet rays 
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The relationship of vitamin-D to the structure of teeth is discussed on 
p 1013 

Tetany may occur as a complication of rickets owing to the lowered 
serum calcium (cf p 1007) 

Toxic Effects of Vitamin-D Excess 1 — In recent years large doses of 
vitamm-D have been given m the treatment of a number of diseases, most 
successfully in lupus vulgaris The dosage administered to adults, eg 5 mg 
(200,000 i u ) daily for several months may produce toxic effects which 
closely resemble those of parathormone overdosage In children 1 mg daily 
may cause similar effects The symptoms include anorexia, nausea, vomiting, 
headache, drowsiness, polyuria, and polydipsia Both serum Ca and serum P 
are increased, as is the excretion of these substances in the urine , calcium 
is deposited m the heart, large blood vessels, lungs, renal tubules, and m other 
soft tissues , osteoporosis occurs Signs of renal failure and hypertension 
may develop The effects are reversible if vitamm-D administration is stopped 
in time 

Osteomalacia 2 — This disease of adults is rarely met with m Western 
countries, but is fairly common m some parts of Chma, where it affects 
1-3 % of child-bearing women The disease is limited to the female sex, and 
the symptoms usually appear during pregnancy or the puerpenum , some- 
times the first manifestations appear at puberty The bones — especially 
the pelvic girdle, ribs, and femora — become soft, painful, and deformed 
Deformation of the pelvis may be so severe as to necessitate Caesarean section 
to procure dehvery of the child Symptoms usually recur with each succeed- 
ing pregnancy, but tend to clear up after lactation is completed 

The diet of these women is very inadequate , it contains an excess of 
cereals, very little fat, and the calcium content of the food is minimal The 
serum calcium is low, eg 6 or 7 mg-% , the inorganic phosphate of the serum 
is variable — it is low or normal Administration of calcium salts alone does 
not relieve the condition , but the administration of cod-liver oil (combined 
as far as possible with an otherwise adequate diet) cures or prevents the disease 
and restores the normal serum calcium level 

Osteomalacia thus appears to be a form of adult rickets which is due to 
inadequate absorption of calcium owing to a deficiency of vitamm-D and oj 
calcium m the diet , the onset of symptoms during pregnancy and lactation 
is presumably due to the demands made by the foetus (which has “ first call 
on any available calcium) and by the mammary glands on the calcium reserves 
in the bones of the mother There is no evidence of disease of the ovaries 
or of the parathyroid glands Owing to the low level of serum calcium, 
tetany , which may be very severe, is a common complication It is interesting 
to note that the bones of the fcetus show no signs of rickets, but only 
rarefaction ( osteoporosis ) 

In addition to the form of osteomalacia described above another similar 
disease due also to calcium and vitamin-D lack in the diet may occur m adults 
of either sex who are living under extreme famine conditions Many such 
cases have been reported from European countries after both the first and 
second world wars. There are also rare syndromes clinically indistinguishable 


1 Annmg et al , Quart J Med , 1948, 17, 203 

2 Maxwell, Proc roy Soc Med , 1930, 23, 639 
25, 399 


Albright et al , Medicine, 1946, 
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from osteomalacia, which are the result of other metabohc defects and not 
of calcium or vitamm-D deprivation 


DIET AND THE TEETH 

Structure of Tooth — Tooth consists of ( 1 ) Enamel , which covers the 
crown ( 11 ) Dentine or the mam substance (m) Cement, a layer of bone 
which invests the root (iv) Dental periosteum, which lines the socket and 
so securely fixes the tooth (v) Pulp (see Fig 639) 

Enamel — This consists of elongated hexagonal prisms which are set 
vertically on the surface of the dentine The prisms are initially fibrous, 
but later on become completely calcified by impregnation with calcium 
phosphate and carbonate 

Dentine — This is a dense bone-hke substance (but without lacunce or 
Haversian canals) which forms the mam substance of the tooth It contams 
numerous fine tubules which radiate upwards and outwards from the pulp 
cavity and branch and become finer as they proceed The tubules contain 
processes of the odontoblasts (the superficial cells of the pulp) The tissue 
between the tubules is normally quite homogeneous 

Cement — This is a layer of lamellated bone which covers the tooth below 
the point where the enamel stops , it contams lacunae but no Haversian 
systems It is covered superficially by the dental periosteum 

Pulp — This is a jelly-like tissue containing branched cells, blood vessels 
and nerve fibres Covermg its surface and adjoining the dentine is a continu- 
ous layer of epithelial cells, the odontoblasts, which send processes, as already 
described, into the dentinal tubules 

Relation of Diet to Tooth Structure 1 — Experiments on dogs suggest 
that the factors which regulate the calcification of bone are also concerned 
with the normal development of teeth When the vitanun-D content of the 
diet is deficient, especially when this is combined wuth an excess of cereals 
and a shortage of calcium and phosphorus , the jaw bones become soft and 
deformed and all parts of the tooth suffer The teeth erupt irregularlv and 
their surface is rough instead of being smooth and shiny The enamel and 
dentine are thin and poorly calcified , the dentine shows many irregular 
mterglobular spaces (Fig 640) The diet of the mother during pregnancy also 
lias a profound influence on the subsequent condition of the teeth 

If a tooth is injured, e g by filing the cusps several times a week for come 
weeks, it displays considerable powers of repair When the injurj imohes 
the enamel only, the underlying dentine becomes altered and translucent in 
appearance "When the dentine is injured as well, a response takes place in 
the related part of the pulp , the odontoblasts proliferate and lav down fresh 
hard so-called “ secondary dentine ” which protects the underlpng soft 
tissues The quality of this secondary dentine depends on the adequacy of 
the diet which the ammal is receiving during the period when it is being laid 
down 

According to May Mellanby there is m children too a close relationship 
between the structure of the tooth and its liability to decay (caries), i e the 

1 May Mellanby, M R G Sp Rep , Diet and Teeth, pt. i 1929, pt n 1930, pt 
1934 Mellanby cl al , Brit Med J , 1952, i, 7 
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tooth which initially is badly formed is more liable to suffer m this way The 
addition of vitamin-D to the diet and the omission of cereals tend to check 
the progress of dental decay and to promote healing by causing calcification 
of the carious areas In 10% of cases, however, caries develops in teeth that 
are structurally sound It is suggested that though (in this group) the diet 
was adequate when the tooth was formed, it was defective when injury was 
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Fig 639 — Diagram of the Cervical Region of 
a Tooth and the Related Periodontal 
Tissues (After May Mellanby, Diet and 
the Teeth ) 


inflicted on it , consequently the normal response did not take place and 
decay occurred 

The causation of human caries is, however, complex In the Kangra 
Valley of the Punjab, for example, the teeth of children with gross rickets 
and whose mothers had osteomalacia were remarkably good , by contrast m 
England children with well-formed bones often have many carious teeth 
The mechanisms which may be concerned m the production of chmcal 
caries are critically discussed by Pmcus 1 who has shown that changes m the 
organic constituents of the teeth are of major importance, especially those 
affecting the dentine protein 

1 Pmcus, Brit med J , 1949, u, 3*58 
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Fig G40 — Effect of Vitamin D Deficiency on the Structure of Dogs’ Teeth 
(May MeUanby, Diet and Teeth ) 
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THE THYMUS 1 

The thymus m man develops from the third branchial clefts of both sides, 
the two outgrowths come into contact m the middle line m front of the 
trachea to form a single lobed body 

Structure — The thymus consists of lobules made up of an outer deeply 
staining cortex of closely packed lymphocytes, and a central faintly staining 
medulla which consists of large branched reticulum cells, a few lymphocytes, 
and the concentric corpuscles of Hassall which consist of a hyahne centre 
surrounded by layers of flattened cells with poorly staining nuclei 

According to Hammar, the thymus is an ectodermal structure which later 
becomes invaded by lymphocytes derived from the mesoderm He regards 
Hassall’s corpuscles as epithelial cells which have undergone a peculiar form 
of differentiation £ 



AGE IN YEARS 


Fig 64=1 — Changes m Weight of Thymus at different ages (Boyd, Amer J Dis Child 

1936, 51, 313 ) 


Factors Influencing Size of Thymus — (i) Relation to Puberty and 
Gonads — The thymus continues to enlarge until the age of puberty, and 
reaches its greatest development about the tenth or the twelfth year , it 
then steadily becomes smaller and atrophies as age advances (Fig 641) 

After castration m young animals the thymus persists and does not 
undergo its customary involution It is suggested that the regression of the 
thymus at puberty is due to the internal secretions formed by the now mature 
gonads 

(n) Injection of pituitary giowtli hormone causes growth of the thymus 
gland m experimental rats The gland is commonly enlarged m acromegaly 
(m) Thymus and lymphoid tissue unite with and inactivate thyrotrophm 
(p 980) The thymus is commonly enlarged in Graves’ disease 

(iv) Injection of AGTH or adrenal corticoids reduces the lymphocyte 
content of the thymus and lymph nodes There is a coincident decrease in the 
circulating blood lymphocytes 2 The thymus is enlarged in Addison’s disease 
The thymus and the lymphoid tissues generally rapidly atrophy in starva- 
tion and states of malnutrition The change is probably due to increased 

1 Park and M'Clure, Amer J Dis Child , 1919, 18, 317 Hammar, Endocnn , 1921, 
5, 543, 741 Andersen, Physiol Rev , 1932, 12, 1 McEachern, Medicine, 1943, 22, 1 

2 YofFey, Biol Rev , 1950, 25, 314 
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corticoid secretion Thus mtact rats starved for 4 days lose 45% of the 
protein of their lymphoid tissue , adrenalectomized animals, however, show 
no such loss It is suggested 1 that adrenal corticoids are secreted in starvation 
and “ mobilize ” and break down tissue proteins The lymphoid tissues are a 
rich store of labile protein which is readily hydrolyzed to ammo-acids to be 
used for the maintenance of more essential tissues and for neoglucogcneus 

Functions of Thymus — The only known function of the thymus is the 
manufacture (and possibly the destruction) of lymphocytes Its response* 
are those of lymphoid tissue m general Extirpation or injection of extracts 
of this gland m normal animals has produced no significant reproducible 
results There is no decisive evidence that the thymus forms an internal 
secretion 

The gland is commonly enlarged in myasthenia gravis , in some ca*es 
removal of the gland has resulted m transient or sometimes more lasting 
clinical improvement It has been suggested that in this disease the enlarged 
thymus may be releasing a curare-like substance (p 519) , extracts of the 
removed glands, however, have no such pharmacological action 

Hyperplasia of Thymus — There are cases in which the thymus fails to 
undergo involution at the proper time or there is renewal of growth after 
involution has been established In these latter cases it may attain a weight 
several times that of the normal organ Such hyperplastic glands are found 
in infants, usually unassociated with general lymphoid overgrowth , they 
occur m older individuals in connection with derangements of the organs of 
internal secretion, e g Addison’s disease, acromegaly, eunuchoidism, m cases 
of myasthenia gravis, and in status thymo-lymphaticus 

In infants the abnormal thymus may weigh 60 g at birth, and constitute 
an obstruction to the respiratory passages or great veins , in older individuals 
it is doubtful whether mechanical obstruction is often caused by an enlarged 
thymus A condition called thymic asthma is described, m which attacks of 
suffocation occur which are said to be relieved by partial remo\al of the 
enlarged gland 

Status Thymo-Lymphaticus — In many young persons uho ha\ e died 
suddenly after some slight injury or infection which seemed insufficient to 
cause death, general swelling of the lymphoid structures and enlargement 
of the thymus are often found at autopsy It has been supposed that the 
thymic hyperplasia is related m a significant manner to the occurrence of 
sudden death But the information available is inadequate for any judg- 
ment to be passed It is claimed 2 that general lymphoid oiergrowth 
is not regularly associated with the thymic enlargement in these ca*e=, and 
that there is consequently no justification for the name “ status thymo- 
lympliaticus ” Others regard the thymic o\ ergrowth as only part of a 
“ general constitutional inferiority ” of the affected person In male ‘■ubjeot^ 
there is a tendency to female secondary sex characters, eg c cantv Inir on 
the face, smooth aelaety skm, small external genitals, and rounded thigh* 
In women the thorax and extremities are sender the genitals htpopl s'-tic, 
and menstruation is irregular or absent The musculature mat be ilabU, 
the heart is weak, and the large blood \es c cls are rehtnelv narro. md 
tlun-walled The failure of this inadequate circulatory mochimmi mat b* 

1 Wlnto, Recent Proaresf Hotioic Re’earcJ , ■}, IV* 

: Hamer ct at , J Path Bac! , 10 U, 34, 21" 
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one of the important causes of sudden death m these subjects There is 
no proof that the thymus is concerned m the production of the various 
chmcal manifestations described or m causing the sudden death which may 
occur It is suggested that incomplete differentiation of the sex glands 
may be responsible for the failure of the thymus to undergo involution, 
and may also account for the other features of the condition 
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THE VITAMINS 1 


The term vitamin has undergone important changes in meaning since 
it was first introduced , as a result it carries with it some imprmts of all its 
diff erent mea nin gs Forty years ago it was believed that the essential con- 
stituents of a diet were prote in (m amounts sufficie nt _to_,mamtain nitro- 
genous equilibrium in the a dult a nd growthT in the young), carbohydrate and 
fat (these three foodstuffs tog ethe r must he present . .in. suffic ient amou nts 
to. yield the lull calorie requirements), cert ain m iner als ( m orgamc ions), and 
water But later, when a chemically pure~Siet ofthis End. had been prepared 
and a dminis tered, the animals died , natural food, therefore, contains other, 
non-calorie-providing, but nevertheless essential, constituents for growth, 
health, and life In rats, addition of small amounts of milk to a diet which 
according to the theories then current was adequate (but actually lethal) 
preserved health and restored growth , the unknown essential factors in 
milk were called accessory foodjactors .by Hopkins In the meantime other 
studies showed that certain other theoretically adequate diets, of which 
pohshed nee was the mam constituent, produced ben-ben , addition of rice 
“ polishings ” to the diet cured the disease The active principle m the rice 
polishings was called a mtamme (i e an amine essential to Me) When it 
was discovered that few of the “ vitammes ” were m fact amines, the word 
was respelt vitamin The term vitamin graduall y cam e to be define d as a 
gubstance o f unknown chemical imposition, probably a complex orgamc 
compound, which must b .e,. present in the food m minute am dunts"td e nabl e 
growth, health, and hf e to be maintained The accessory 7odd~factors or 
vitamins were sbbrT divided into ( Tfjat^soluble , i e those present in fats and 
soluble m fat-solvents , (n) water-soluble The fat-soluble were differentiated 
into vitamins- A and -D , the water-soluble into -B and -C It was soon 
found that vitamm-f? was not a single substance but a mixture of several 
substances , its title was altered to vitamm-B complex, and the individual 
constituents, as they were isolated, were given distinctive names Rapidly 
the chemical identity of the vitamins was worked out and many such sub- 
stances are now known 2 They are 


Vitamin-A 
„ -D 
„ -E 
.. -K 


>-All fat-soluble 


1 Hams, Vitamins A Digest oj Current Knouledge, London, 1951 Bicknell and 
Prescott, Vitamins m Medicine, London, 2nd edn , 1945 Wo lb a oh and BesBey, Physiol 
Rev, 1942, 22, 233 

5 Most of the vitamins are groups of closely related substances, t g vitamin-H group 
(p 1009) 
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Vitamm-C 

„ -B complex, % e Thiamine 

Nicotinic Acid * 

Riboflavin - 
Pyridoxin 
Biotm . 

Pantothenic Acid 1 
Folic Acid 1 
Vitamm-R 12 1 
and others 

The distinctive characteristic of the vitamins is that they are micro 
constituents of the diet of high biological activity which cannot be replaced by 
other normal dietary constituents They appear to be indispensable for 
certain specific functions of the body, m most cases their mode of action 
has been fairly clearly defined They do not contribute to the energy of the 
body , m many cases they mobilize energy 
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Fig 642 — Structure of /S Carotene and Vitamm-^4 

Sometimes an indispensable vitamin for one species (X) can be synthesized 
by another species (Y) , the substance m question is then not a vitamin for 
species Y Thus ascorbic acid is an indispensable vitamin m man , the rat, 
however, can manage without dietaiy ascorbic acid Both species need and 
use ascorbic acid m their tissues but while man can only get ascorbic acid 
by taking it m as part of his food, the rat can synthesize it Another 
example the bacteria m the intestine synthesize several members of the 
vita min - 7? group , these vitamins are thus supplied to the body partly by 
the diet and partly by the intestinal bacteria If the bacteria are killed off 
by sulphonamides, signs of vitamin-P deficiency may develop because the 
supplies of dietary vitamin are m themselves inadequate The generalization 
1 See Emerson and Folkers, Ann Rev Biochem , 1951, 20, 559 
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is as follows indispensable chemical compounds or groupings that can be 
synthesized in the body (the body includes its cooperative intestinal bacteria) 
need not be provided as such in the food , indispensable chemical compounds 
or groupings that cannot be synthesized m the body must be provided as 
such in the food and constitute the so-called vitamins 

Vitamin-A, the -B group and -C are dealt with below The other vitamins 
are discussed elsewhere -D, p 1008 , -E, p 1086 , -K, p 151 

Vitamin- A 1 — The vitamin has the formula shown in Fig 642 , a closely 
related substance is the hydrocarbon f- carotene (C 40 H 56 ) which is readily 
transformed m the cells of the intestinal wall into vitamm-A (C 20 H 30 O, an 
alcohol with a terminal — CH 2 OH grouping) Both carotene and vitamin-A 
belong to the general group of carotenoids, a series of yellow-red pigments 
characterized by alternate single and double bonds along their mam C chain 
Vitamin- A can now be prepared synthetically on a commercial scale 

As carotene is a precursor of vitamm-A it is often referred to as pro- 
vitamin-^. 

One international unit (l u ) of vitamin- A is the activity (m animal experi- 
ments) of 0 344 fig of crystalline vitamm-A acetate, which corresponds to 
0 3 fig of crystalline vitamin- A One i u of carotene is the activity of 0 6 ng 
of carotene , this standard recogmzes the fact that dietary carotene has about 
half the biological activity of vitamin- A The explanation of this lower activity 
may be that vitamm-A is absorbed from the intestine more readily than 
carotene 

Sources — Vitamin- A is found as such m the fat of milk and therefore 
in milk products like butter or cream , in eggs , m very large amounts m 
liver fat, especially m cod-liver oil and m greatest concentration m halibut- 
liver oil The vitamin i s absent from purely vegetable fats like linse ed oil, 
oli ve oil, or coco nut oil,, and consequently from pu re4v_ve getable jnargaxmes 
All margarine in Great Britain, however, has since the last war been reinforced 
with added vitamm-A (and -D) Green_v.egetables a nd carrots are free from 
vitamin -A but contain variable amounts. _of„. carotene Both the vitamin 
and carotene are stable and can withstand the ordinary processes of cooking 
and boiling 

It is difficult to assign precise values to the vitamm-A or carotene 
content of the foodstuffs In the case of foodstuffs of animal origin the value 
vanes with the amount of carotene which the animal ingested m its diet , 
extremely wide variations (up to tenfold) are also found in the vegetable 
foods The following average values serve as a guide milk, 2000 i u 
per pint , butter, 2000 l u per ounce , one egg, 200 i u , cod-liver oil, 
200-13,000 l u per teaspoonful , halibut-liver oil, 600-7200 i u per drop 
(20 fx g ) , carrots, 2000-7000 l u (as carotene) per 100 g , cabbage and green 
leafy vegetables generally, 1000-2000 l u (as carotene) per 100 g the white 
hearts contain less 

Requirements — There is considerable uncertainty about both minimal 
and optimal requirements of vitamm-A The amounts recommended (per 
day mu of carotene) are for an adult, 5000 , young children and during 
puberty, adolescence, pregnancy or lactation, up to 6000 2 A diet containing 

* Morton, Ann Heps Clizm Soc for 1949, 46, 244 

1 These values hold when all the vitamin is administered in the form of its precursor, 
i e carotene , about half those amounts are needed if the vitamin is given as such 
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a half-pint of milk, 1 oz of butter or vitaminized margarine, and a good 
portion of green vegetables or carrots daily should be adequate for mi nim al 
needs If the milk ration were increased to one pint daily and cod- or halibut- 
liver oil were added optimal needs would be easily met 

Absorption — Vitamin- A and carotene are absorbed from the small 
intestine together with fat (p 863) , the fat acts as a “ carrier ” for the fat- 
soluble vitamm-A and fat-soluble carotene 

Relation of Vitamin-A to Vision — The phototropism of plants (i e 
their tendency to bend towards the light) and the similar phenomenon of 
free-swimming lowly ammal forms moving towards the hght depends on the 
action of the blue end of the hght spectrum , these waves are absorbed 
by a group of yellow pigments, the carotenoids, which constitute the 


A B 



Fig 643 — Corneal Changes in Vitamin-./! Deficiency 
(E Mellanby, Nutrition and Disease, 1934 ) 

A = Section of normal cornea B = Cornea from a rabbit fed on a diet deficient in Vitnmin-A and carotene 
Note thickening and keratinization of the epithelium of the cornea in B 


“ chemical eye ” of anatomically eyeless plants or invertebrates In the 
vertebrates carotenoids are found m the anatomical eye, both m the rods 
and in the cones 

(l) Bods — The rhodopsm (visual purple) of the rods is a red-coloured 
carotenoid pigment which is conjugated with protem Under the influence 
of hght, rhodopsm is split into a colourless protem and the yellowish compound, 
retmene, which is the aldehyde of vitamm-A Subsequently this retinene is 
converted into vitamin- A, which in turn is combined with protem and recon- 
verted into rhodopsm 

(n) Cones — Carotenoids have been extracted from the macula In 
chickens the pigment is a violet substance called lodopsm from the yellow 
spot (macula lutea) of man a pigment has been extracted, said to resemble the 
xanthophyll of leaves, which has the empirical formula C 40 H 54 (OH) 2 

It is clear from this work, that carotenoids, including vitamin-A are 
related to mammahan vision 

Dark Adaptation — On passing from a brightly illuminated to a dark 
environment, the speed of dark-adaptation (i e the ability to see better m the 
dark) depends on the speed of reformation of the broken down visual purple , 
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such adaptation is impaired in vitamm-A deficiency Dark-adaptation is 
tested as follows the eyes are brightly illuminated and the light switched off 
One of two measurements is then made (a) the time that elapses before an 
object of standard brightness is seen , (/?) the degree of brightness necessary 
for an object to be visible at the end of a fixed time Though the results are 
considerably influenced by the psychological condition of the subject, depressed 
dark-adaptation (i e below normal standards) is the most sensitive index 
of human vitamin-A deficiency 

Results of Vitamm-A Deficiency — Animal Experiments — Yitamm- 
A lack produces striking and characteristic pathological changes m experi- 
mental animals Young rats fed on a diet complete m all respects except for 
the absence of vitamin-A cease to grow, lose weight, and finally die It 
should be stressed that lack of any one of the vitamins arrests growth m 



Fig 644 — Xerophthalmia following Vitamin - A Deficiency (E Mellanby, 
Nutrition and Disease, 1934 ) 

A = Normal eye B= Affected eye 


young animals Fully grown animals deprived of vitamin- A may survive 
for months, but finally succumb to some mtercurrent injection 

Striking pathological changes are found experimentally in the eyes, intes- 
tine, and respiratory tract The outstanding histological feature is the 
tendency for stratified epitheha to become greatly thickened and for columnai 
cpiiheha, to be transformed into transitional or stratified epitheha 

( 1 ) Eyes — The lachrymal glands cease to produce tears The corneal 
epithelium becomes thickened, dry and wrinkled (Fig 643) and secondarily 
may undergo necrosis or become infected Inflammatory processes occur m 
the conjunctiva and may involve the anterior and posterior chambers of the 
eye, leading to complete blindness (Fig 644) The eye disorder is referred to 
as xerophthalmia , and is a specific sign of experimental vita mm- A deficiency 
(u) Alimentary Canal — The cells of the sab vary glands do not secrete, 
and appear shrunken , the epithelium of the ducts is proliferated and the 
lumen is partially occluded The mucus-secreting cells of the intestine are 
atrophied and the tips of the villi are necrosed , masses of bacteria may be 
found filling the lumina of the glands 

(in) The upper respiratory tract , particularly the nasal passages, trachea, 
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and bronchi, shows a transformation of the hmng cells into a stratified 
epithelium of flattened cells which undergo extensive keratimzation [Similar 
changes occur in the vagina (p 1087) and gums ] 

(iv) Resistance to Infection — As a result of the structural changes in many 
epitheha and other tissues their local resistance to infection is reduced From 
these sites, orgamsms may pass into the blood stream , bronchopneumonia, 
enteritis, and inflammation of the eyes may develop and prove fatal In 
mice fed on a diet deficient in vitamin- A, the introduction of suitable measured 
doses of mouse-typhoid bacilli may give a mortality rate of 80-100% 
When the experiment is repeated on mice fed on the same diet but with the 
addition of large amounts of vitamin -A, the mortality rate is only 10-20%, 
though m all external appearances the two batches of mice may appear equally 
normal 

(v) Vitamin- A deficiency an dogs leads to marked overgrowth of certam 
bones, especially the skull and vertebral column Owing to the resulting 
compression of the spinal roots and cranial nerves complex nervous symptoms 
develop Vitamin- A may be a factor regulating normal bone growth 1 

Studies in Man 2 — Experimental Pure Vitamin- A Deficiency — 
Twenty volunteers were kept for long periods on a diet free from vitamm-A 
or carotene Many investigations were carried out but the only positive 
finding was an impairment of dark adaptation (p 1022) The very different 
results in animals and the clinical findings to be described below may be due 
in part to species differences, the duration of the deficiency and the presence 
of other conditioning factors, e g multiple deficiencies or infections 

Clinical Findings — (i) Xerophthalmia • — The associaton of this con- 
dition m man with vitamin-M deficiency is firmly established In Denmark, 
during the first world war, the fats rich m vitamm-M were exported, and 
the populace lived largely on margarine and skimmed milk , several out- 
breaks of xerophthalmia and bronchopneumoma were reported Fifteen 
hundred cases of xerophthalmia occurred in Japanese children who were 
fed on inadequate diets , the condition was cured by the administration 
of cod-liver oil 

(u) Skin Changes — Changes m the skin often occur m vitamin- A deficiency 
in man Thus, m many gaols, asylums, hospitals, and schools m Africa, 
China, and Ceylon the inmates frequently suffer from dryness of the sk in 
and papular eruptions due to destruction of the ducts of the sweat glands 
and the hair follicles , the condition is called “ toad skm ” in Ceylon It 
usually precedes the development of xerophthalmia, and like the latter 
condition it is rapidly cured by means of cod-hver oil 

(m) Infections — There is no clear evidence that vitamm-A lack m man 
lowers resistance to the common infections , excess vitamm-A certainly does 
not raise general immunity above normal 

Vitamin-D Group — This group consists of a series of water-soluble 
organic substances which are found m all the tissues of all species from the 
bacteria, protozoa or yeasts up to the highest mammalian forms Most 
of the members of the group are constituents of fundamental tissue enzyme 
systems, e g those involved in the oxidation of the foodstuffs, and are there- 
fore indispensable for the normal functioning of all tissues As might be 

1 E Mellanbv Proc roy Soc B , 1944, 132, 28 

2 Brit Med Res Council Sp Rep , 1949, Senes 264 
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expected, the best studied members of the group, i e tbiamme, riboflavin, 
and nicotinic a - 3 fr und together m foodstuffs but not necessarily 
in the same A ” members of the vitamm-A group can be 

synthesized by the intestinal bacteria (cf p 835) 

The chemistry, requirements, and functions of each member of the -B 
group are discussed below The results of vitamm-2? deficiencies are considered 
on pp 1029 et seq 

i Thiamine [Aneurin. Vitamin-Bj. 
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Fig 645 — Structure of Thiamine (Vitamin Zq) 

The molecule (shown in Fig 645 as the hydrochloride) contains a pyrimidine 
and a thazole (sulphur-contammg) ring system The international unit is 
equivalent to 3 n g of thiamine 

Sources — The best sources are cereals, pulses, and yeast In the cereals 
thiamine is found mainly m the germ and bran Whole-meal flour prepared 
from the entire gram, or flour of a high degree of extraction contains much 
more thiamine than fine white flour (p 1058) , likewise, so-called polished 
rice (? e rice from which the husk has been removed) is deficient in thiamine 
The vitamin is uniformly distributed in the pulses (peas, beans, lentils) It is 
present m small amounts m meat, milk, and vegetables The synthetic 
vitamin is available commercially 

Properties — Thiamine withstands procedures such as drying, pickling 
or brewing without loss of potency Cooking processes such as a short period 
of boiling at 100° C are not harmful, but rapid destruction takes place in the 
autoclave at 120° C Canning m an alkaline medium leads to serious damage 
to the vitamin owing to its oxidation to thiochrome In the dried form the 
vitamin is very stable and withstands heating at 120° C for as long as 24 
hours 

Requirements — The amount of thiamine needed by the tissues (m the 
form of d iphosph othiamme is directly related to body weight, the metabolic rate, 
and the level of physical activity, and depends on the composition of the diet 
As thiamine is specifically employed m carbohydrate utilization the amount 
required is directly related to the amount of glucose which the diet yields 
For simplicity of calculation the protein intake is added m with the carbo- 
hydrates and the combined calorie value is called the non-fat calories (NFC) 
33 
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Clinical studies have shown that when the daily thiamine intake exceeded 
0 47 mg per 1000 NFC, ben-ben did not occur The minimum intake, 
allowing a margin for safety, is estimated at 0 66 mg per 1000 NFC , the 
total daily mimmum intake on an average diet containing 3000 Cal of which 
over 2000 Cal are derived from non-fat sources would thus be about 1 5 mg 
the optimal total daily intake might be 2 mg When the BME is raised 
(e g in febrile states) and m people doing hard manual work, a larger intake 
is needed It must always be borne m mind, however, that thiamine is syn- 
thesized m unknown and variable amounts by the intestinal bacteria Signs 
of thiamine lack can be precipitated on what appears to be an adequate diet 
by administering sulphaguamdme and related sulphonamides which kill off 
the intestinal bacteria 

R6le in Tissues — In the tissues thiamine is found m the phosphorylated 
form as diphosphothiamme, which is a coenzyme for reactions which involve 
decarboxylation of acids Such decarboxylations (and the reverse process 
called C0 2 fixation) play an important part in the dissimilation of the 
metabolites which enter the common metabohc pool The reactions m which 
diphosphothiamme is mvolved are 

(l) Pyruvic acid%Acetic acid-}-C0 2 (p 850) 

(n) Oxaloacetic acid%Pyruvic aeid-f-C0 2 (“ carboxylase ” reaction, 
p 850) 

(m) Citric acid^a-Ketoglutaric acid-{-C0 2 (p 851) 

(iv) a-Ketoglutanc acid^Succime acid+C0 2 (p 852, Fig 559) 

All these reactions are stages in carbohydrate utilization It will be recalled 
that the bram and probably all nervous tissues use blood glucose as their 
primary source of energy It is not surprising to find that carbohydrate 
metabohsm (especially in the brain) is deranged m thiamine deficiency 
(p 1030) 

In thiamine-deficient pigeons pyruvic acid accumulates m the bram, 
especially m the bram stem, because it cannot be disposed of , the concentra 
tion of pyruvic acid also increases in the blood and cerebrospinal fluid It 
thiamine is added to a bram shoe from such a bird the pyruvate rapidly 
disappears 

2 Nicotinic Acid Amide [Nicotinamide] 

Nicotinic acid Nicotinic acid amide 

X\ COOH /\ CONHj 


N N 

Sources and Requirements — The richest sources are liver (15 mg-%), 
kidney, and yeast , meat is a valuable source containing 5 mg-% the other 
important sources are whole meal flour and green vegetables , milk contains 
only 0 08 mg-% Of the cereals, maize contains least nicotinic acid The 
daily need is thought to be about 10 mg It should be emphasized that 
nicotinic acid is synthesized by intestinal bacteria Nicotinic acid is un- 
affected by cooking 

Role in Tissues — Nicotinamide (which is a pyridine derivative) is 
found in the tissues as a nucleotide, diphosphopyridme nucleotide (DPN), 
usually called coenzyme-I (Co-I), formed by the combination of adenine 
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ribose, phosphate, and nicotinamide (Fig 552, p 841) Tlieie is also a cor- 
responding frtphosphopyridme nucleotide (TPN), eoenzyme-II (Co-II) 

Coenzymes-I and -II are the coenzymes for oxidative enzymes (dehydro- 
genases) , the coenzymes act as intermediate carriers for the hydrogen 
(2Et) released from various substrates by the dehydrogenase enzymes (p 840) 

Co-I is the coenzyme for the following reactions, among others * 

(l) Lactic acid->Pyruvic acid-f2H (p 849) 

(n) Pyruvic acid-f H 2 0-»- Acetic acid+C0 2 +2H (both an oxidation and 
decarboxylation, p 850) 

(m) /?-Hydroxybutync acid->Acetoacetic acid-j-2H (p 869) 

Co-II is the coenzyme for the following reactions, among others 

(iv) Citric acid->/3-Ketoglutaric acid+C0 2 -f-2H 

(v) Glutamic acid+H 2 0->jS-Ketoglutanc acid-f-NH 3 -}-2H (both an 

oxidation and deammation, p 885) 

All the reactions are shown as a loss of 2H from the substrate on the left, 
the 2H being passed on to the coenzyme, which is thus converted to the 
reduced form 

Co-I+2H >-Co-I 2H 

The same enzyme and coenzyme systems are required by the reactions m 
reverse, i e when reduction of the substrate is taking place and the reduced 
coenzyme is being reoxidized, e g 

Co-I 2H ^Co-I+ 2H 

2H+Pyruvic acid >-Lactic acid 

The nicotinamide-containing coenzymes are thus concerned with many 
of the important energy-producmg reactions of metabolism Nicotinamide 
(or nicotinic acid) deficiency leads to metabolic disturbances m many tissues , 
as might be anticipated, the nervous system is gravely involved Pellagra, 
the mam clinical syndrome of nicotinamide deficiency, is discussed on p 1037 

3 Riboflavin — Sources and Requirements — The international unit 
is equivalent to 3/<g of riboflavin The main sources are again meat, milk, 
and wholemeal flour Clinical studies show that signs of riboflavin deficiency 
occur when the daily riboflavin mtake is 0 2-0 3 mg per 1000 total Cal 
an mtake of 0 35-0 5 mg per 1000 total Cal is adequate On an average diet, 
a total riboflavin mtake of 2 mg daily is probably adequate , more is needed 
when the metabolic rate is increased Riboflavin is synthesized by intestinal 
bacteria 

Structure — Riboflavin is a yellow-green pigment consisting of a three- 
rmg system ( iso-alloxazine ) combined with an alcohol derived from ribose 
(nbitol) (Fig 646) 

CH 2 (CHOH) 3 CH 2 0H (Rtbuol) 


CH 3 N N 

\/\/\/\ on 

I II j k T rr [Iso dlloxazinc) 

/ \/\/\. /** 


Fia 646 — Structure of Riboflavin 

R6le in Tissues — In the tissues riboflavin is found as a dmuclcotide 
made up as shown on p 1028 
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Iso-alloxazme Adenine 

I ! 

Ribitol — Phosphate — Phosphate — Ribose 

This substance is called flavin-adenme-dmucleotide (FADN), or, for 
brevity, flavin 

Flavin is the prosthetic group of a number of dehydrogenase enzymes 
(the flavoprotems) (p 854) These enzymes catalyse the release of 2H from 
various substrates, and their flavin group acts as a temporary hydrogen-earner 
The hydrogen is passed from the flavin to the cytochromes (p 854), and 
thence finally to reactions with molecular oxygen to give water In particular, 
those oxidation reactions requiring coenzymes-I or -II as initial hydrogen- 
carriers (pp 840, 854) require flavoprotems as the next hydrogen-carrier of 
the chain leading to molecular oxygen 

As flavin occupies a key position in reactions leading to the oxidation of 
hydrogen to water, one would expect that dietary deficiency of riboflavin 
would lead to diamatic disturbances of function The actual changes 
observed chnically are described on p 1034 , they are far less striking than 
might have been anticipated from the metabohe findings recorded above 
Certain other members of the vitamm-P group should be noted, though 
their role m man is still obscure 

4 Biotin 1 — Its formula is shown below 


0 

II 

/°\ 

HN Nil 


HC- 

I 

H 2 C 


-CH 


CH — CHoCHoCHnCO OH 


Biotin (or a derivative) participates m many C0 2 fixation reactions, particu- 
larly the carboxylase reaction leading to aspartic acid 
5 Pyridoxine — Its formula is shown below 


HOCH 2 


ch 2 oh 



N 


Pyridoxine and its derivatives (the vitamm-I? 6 group) act as coenzymes 
for transamination reactions (p 885) 

Nothing is known about the effects of pyridoxine insufficiency m man 

6 Panto the nic Acid — It is concerned (as a dmucleotide, referred to as 
Coenzyme A) with acetylation reactions (p 874) 

7 Folic Acid and Vitamin-P 12 — See p 198 

1 Vigneaud, Science , 1942, 96 , 455 
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Results of Vitamin -B Deficiency — As the members of the vitamin-/! 
group are generally found together in foods, isolated deficiency of any single 
member of the group rarely occurs clinically, though it has been produced 
experimentally In the common clinical condition of multiple deficiency the 
signs of some one single deficiency may predominate and mask the results 
of the other deficiencies If the outstanding deficiency is made good the 
latent deficiencies may become manifest m the appearance of new symptoms 
It is necessary, therefore, to establish first the clinical picture of single 
deficiencies before considering the naturally occurring clinical syndromes 
which probably all involve multiple -B deficiencies 

Thiamine Deficiency in Man — Very Severe Deficiency 1 — The 
effects of pure thiamine deficiency have been studied m a few women The 
extremely unattractive diet that had to be employed consisted of white flour, 
sugar, tapioca, starch, cheese, butter, hydrogenated fat, tea and cocoa, with 
added vitamin-C, halibut-liver oil, iron, calcium and autoclaved brewer’s 
yeast (to supply other members of the -B group) , the daily thiamine intake 
was 0 15 mg After two weeks the first symptoms appeared, consisting of 
fatigue and loss of appetite , during the second month there was decreased 
activity, apathy, nausea, decreased food intake, and a fall of blood pressure 
During the third month the consumption of food was further decreased (the 
calorie intake was then under 1500 Cal ) and the body weight fell slightly 
There was dizziness, the heart rate was slow at rest but excessively rapid on 
exertion, the voltages of the electrocardiogram, especially the T wave, were 
decreased , uncontrollable vomiting occurred , the motility of the stomach 
and large intestine was diminished There was a greatly decreased capacity 
for work, weakness m the legs, and decreased reflexes Some of the subjects 
became very depressed and showed other mental changes , they complained 
of soreness of the muscles and numbness of the legs, muscular flaccidity, 
precordial distress, and dyspnoea 

The cbmcal picture of acute thiamine deficiency can be made clearer by 
giving details of the symptoms m one active, vigorous, and industrious 
woman subject 

At 30 days no appetite , weakness 

At 70 days nausea constantly present , weakness severe She only 
carried out light duties and often did not complete her tasks She was 
apathetic and confused, and at times complained of numbness and tingling m 
the legs 

At 90 days spontaneous exertion almost ceased Tactile sensibility uas 
impaired , the muscles of the calves were tender , she could not get up 
readily from the squatting position 

At 1 10-120 days no appetite, nausea, vomiting , apathy, vagueness and 
confusion were conspicuous B P , 110/63 Heart rate, 55-65 at rest, 
90-120 on slight exertion Impaired sensation of pain, tactile localization and 
discrimination over the legs , vibration sense impaired at the ankles All the 
leg movements were weak and the quadriceps extensors were almost completely 
paralysed The knee-jerk and the ankle-jerk were absent 

It vs ill be noted that signs of organic changes m the nervous system 
(amestkesia, loss of reflexes, and paralysis in legs) made their appearance 
late , they resemble the neuritic changes found m ben-beri Attention must 
1 Williams d al , Arch \ni Med , 1940, GG. 785 , 1942, 69, 721 1943, 71, 38 
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be drawn to the absence of oedema, cardiac dilatation, or changes m the skm 
and tongue As might be expected, the rapidity of development of the 
symptoms varied to some extent with the degree of muscular activity The 
terminal state, especially the nausea, vomiting, and mental changes, resembles 
the findings m cerebral ben-ben 

The symptoms described can probably be attributed solely to thia min e 
deficiency The addition of thiamme, without any other change m the 
diet, produced improvement which was sometimes sudden, but commonly (if 
organic changes had developed) very gradual Thus, a single injection of 
1 mg of thiamine rapidly reheved some of the symptoms the nausea and 
vomiting ceased , the diet which had previously appeared revolting was 
eaten freely , and apathy disappeared With sustained intensive thia mm e 
therapy {eg 15-60 mg of thiamme daily) strength returned, the mental 
state brightened, and the signs of organic nerve damage very slowly cleared 
up If the subject was put on a thiamine intake of 0 95 mg daily, recovery 

DAYS OF RESTRICTION OF THIAMINE 



0 60 120 60 120 60 T20 60 120 60 120 

MINUTES AFTER INJECTION OF DEXTROSE 
Fig 647 — Metabolic Changes m Acute Severe Thiamme Deficiency (Wilhams 
el al , Arch int Med , 1943, 71, 46 ) 

Changes In blood pyruvic acid after Intravenous Injection of test dose of glucose 

Continuous line normal response Dotted lino response after 0, 33, 05, 83, 116 days of thiamme 
deficiency 

was partial , on a daily intake of 2 mg full recovery finally occurred and 
sometimes unusual vigour was displayed These last data are a guide to 
minimal and optimal thiamme requirements in man 

Biochemical Changes — On a normal thiamme intake, the blood thiamme 
level is 3-9 gg-% , one-third of any injected thiamme is excreted m the urine 
After ingestion or intravenous injection of glucose there is only a very slight 
rise m the level of blood pyruvic acid (normal 0 5-1 0 mg-%) (Fig 617) 
In severe thiamine deficiency, eg on an intake of 0 1 mg per 1000 Cal , the 
blood thiamme level fell to under 3 gg-% > excretion of thiamme m 
the urme progressively declined to zero after the 10th day As previously 
mentioned (p 1026), in thiamme deficiency carbohydrate metabolism m part 
stops short at the pyruvic and lactic acid stages , if glucose (0 4 g per kg ) is 
injected intravenously the blood pyruvic level rises temporarily to an abnorm- 
ally high level (up to 2-3 mg-%) (Fig 647), as does the blood lactic acid 
Moderate Thiamine Deeiciency — The effects of a thiamine intake oi 
0 45 mg daily (less than 0 2 mg per 1000 Cal ) were studied mil normal 
subjects for periods up to 131 days For the first 56-84 days the symptoms 
consisted mainly of changes in the mental state and subjective nervous mani- 
festations The subjects became irritable, depressed, quarrelsome, or fearful 
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that some misfortune was about to befall them , two subjects felt that life 
was no longer worth living and threatened to commit suicide Work was 
inefficiently done , they carried out instructions m a dull and confused 
way, dropped their needles durmg sewing and broke the crockery while 
washing up They were full of complaints of headache, backache, sleepless- 
ness, painful menstrual periods and a frequent feehng of numbness m the 
hands and feet The appetite was poor, and nausea, vomiting, and epigastric 
distress were present from time to time Attention must again be drawn to 
the resemblance between the changes just described and those of mild cases 
of cerebral ben-ben (p 1036) Gastro-mtestmal motility was radiographically 
normal There was some ancemia ( e g red cell count, 3-3 5 million) of a 
macrocytic hyperchromic type, accompanied by hyperplasia of the red bone 
marrow The plasma protein concentration was lowered (e g to 5%) , this 
fall was sometimes associated with a slight pitting oedema Body weight did 
not decrease 

Recovery occurred very slowly with intensive thiamme therapy 

Clinical Vitamin-./? Complex Deficiencies — The principal clinical 
syndromes resulting from lack of the vitamin-!? complex are summarized below 

Ben-beri due primarily to thiamme lack Three mam clinical types are 
recogmzed (i) neuritic (dry) , (u) cardiac (wet) , (in) cerebral (Wernicke’s 
encephalopathy) 

Pellagra due mainly to lack of nicotinic acid , a high maize diet is often 
an aggravating factor 

Anbojlavmosis the chief changes attributed to riboflavin lack are 
angular stomatitis, glossitis, scrotal dermatitis, keratitis, defective vision from 
retrobulbar neuritis, and painful feet 

Mixed Syndromes of -B 2 Avitaminosis the term vitamm-B 2 is often used 
to refer to the members of the vitamm-B complex other than thiamme 
(=vitamm-R 1 ) The varied clinical manifestations are due mainly to lack of 
nicotinic acid and of riboflavin 

It is interesting to note that when a large population is exposed to a 
multiple avitaminosis some develop ben-ben, some pellagra, some aribo- 
flavmosis, and some develop peculiar disturbances not falling exactly into any 
of these categories As will be explained ben-ben and pellagra may involve 
many organs or systems , m individual cases the disturbances may affect 
predominantly one or other organ The reason for these wide individual 
variations m response to a common dietetic deficiency is quite unknown It 
should also be emphasized that clinically vitamm-R deficient diets are 
commonly unsatisfactory in other respects , they may be lacking m protein, 
salts, or other vitamins also 

The Singapore Captivity 1 Much was learnt about the effects of 
Vitamin-J? lack from a study of the tragic experiences of some 35,000 British 
prisoners of war in Singapore who within a few days of 15th February 1912, 
changed suddenly from normal adequate British rations to a grossly inadequate 
diet consisting mainly of pohshed rice The Japanese daily scale of rations for 
prisoners was m g pohshed rice 500, flour 50, sugar 5, cooking fat, 5, meat 
or fish 50, fresh vegetable 100, canned milk 15, salt 10, tea The full ration 
was frequently not issued The calorie value was 2100-2500 For the first 3 

1 Smith and Woodruff, Deficiency Diseases m Japanese Prison Camps, Brit med Res 
Council Sp Rep , No 276, 1951 



1032 


THE SINGAPORE CAPTIVITY 


years of the 3^ years’ captivity the diet was not seriously short of protein, fat, 
Ca, P , vitamm-^4 and -0 , but in the last 6 months there was semi-starvation 
as the total calorie intake fell to 1500-2000 For long periods, however, the 
diet was deficient m vitamm-B complex, certainly in thiamine, riboflavin, 
and nicotinic acid The dietary deficiency was aggravated by epidemics of 
dysentery which probably led to additional loss or destruction of the B- 
vitamins in the bowel 

The mam results of this study are summarized m Figs 648-651 Fig 648 



v 1942 — 1943 ,s 1944 ' v — 1945 


Fig 648 — Incidence of Ben-Ben m Belation to Total Calone intake and to intake 
of Vitamin B, (Thiamine) in mg per 1000 Non Fat Calones among British 
Pnsoners of War at Singapore throughout Period of Captivity (Burgess, 
Lancet, 1946, n, 412 ) 

shows the relationship between the incidence of ben-ben and the thiamme 
intake (in mg per 1000 NFC) throughout the period of the captivity, % e 
from March 1942 to September 1945 During the first seven months, the 
thiamine intake was 0 2-0 3 mg per 1000 NFC, and numerous cases of 
ben-ben (neuntic, cardiac, cerebral and mixed) occurred (Fig 649) The 
first cases made their appearance after a latent period of six weeks Between 
November 1942 and May 1944 the thiamme mtake was higher (0 4-0 6 mg 
per 1000 NFC) and cases of ben-ben were rare Later m 1944, as the 
thiamme mtake fell agam to 0 2-0 3 mg per 1000 NFC, cases of ben-beri 
became increasingly numerous (Edema was now the commonest sign, often 
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unaccompanied by neuritic changes Up to this time prevention and cure 
were obtained by administering thiamine or yeast extract (which contains 
the whole -B complex) A sudden large intake of carbohydrate (e g pohshed 
rice) m prisoners who had been previously starved often precipitated the onset 
of signs of beri-ben, because the low thiamine intake was inadequate for the 
large carbohydrate utilization 

After March 1945 the feeding arrangements failed and the prisoners 




Fig 649 — More detailed Analysis of Incidence of Ben Ben 
(non cerebral and cerebral) m Relation to intake of 
Vitamin B x (Thiamine) in mg per 1000 Non Fat Calories 
among British Pnsoners of War at Singapore during first 
Outbreak (Wardener and Lennon, Lancet, 1947, i, 14) 

The threshold value of 0 3 mg of thiamine per 1000 non fat Calories is 
probably set too low Cases occurred when the thiamine intake was 
0 36 mg , no cases occurred when the thiamine intake exceeded 
0 47 mg per 1000 NFC 


suffered from partial starvation , the total calorie intake was 2000 Cal , the 
protein intake fell to 40 g and the dominant finding was famine oedema 1 

1 There is an interesting reference to famine oedema in Macaulay’s essay on Southey’s 
Colloquies He quotes Magendie (from J de Physiologie experimental) on “a point of 
physiology connected with the great distress m France m 1817 ” to the effect that the 
inhabitants of certain departments “ were reduced first to oatmeal and potatoes and at 
last to nettles, beanstalks and other kinds of herbage fit only for cattle , that when the 
next harvest enabled them to eat barley bread many of them died from intemperate 
indulgence in what they thought an exquisite repast , and that a dropsy of a peculiar 
description was produced by the hard fare of that year ” Famine cedema is fully discussed 
m Keys el al , Biology of Human Starvation, Minneapolis, 1950, vol n, 921 

33 * 
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which appeared in emaciated patients and was resistant to vitamin-# 
treatment 

Figs 650 and 651 show the incidence of the syndromes which were 
attributed to vitamm-Bn lack The -B 2 syndromes showed two peak periods 
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Fig 650 — Relation of intake of Nicotmic Aoul and Riboflavin to incidence of 
Vitamin B„ Deficiency Syndromes among Pusoners of War at Singapore 
(Burgess, Lancet, 1946, u, 413 ) 

Intake of Nicotinic Acid and Riboflavin is expressed ns mg per 1000 total Calories in diet 


of incidence The first occurred early m the captivity , it appeared after a 
latent period of two and a half months and lasted longer than the associated 
ben-beri outbreak, persisting until mid-1943 The second peak occurred in 
late 1944 and its time course did not coincide with the second beri-ben 
outbreak Fig 650 shows that the various -B z syndromes did not follow tiie 
same time course either The “ hyponboflavmosis triad, le angular 
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stomatitis, glossitis and scrotal dermatitis, appeared first, followed by aching 
(painful) feet, keratitis and paraplegia, and still later by retrobulbar neuritis 
A second outbreak of the “ triad ” occurred m 1944 In the mam the incidence 
of these signs coincided with a low riboflavin intake (0 2-0 3 mg per 1000 
total Cal ) , the nicotinic acid intake was adequate The aching feet are 
attributed to a complex -B 2 deficiency 3 The incidence of pellagroid skm 
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Flo 651 — Time Relationship of Peak Incidence of Various Vitamm-JB Deficiency 
Syndromes among Prisoners of War at Singapore during first Outbreak, March 
1942-July 1943 (Wardener and Lennox, Lancet, 1947, i, 15 ) 

‘ Hyponboflaainosis = angular stomatitis, glossitis and scrotal dermatitis Painful (aching) feet, 
granular cornea (keratitis), and retrobulbar neuritis are also attributed wholly or partly to 
riboflavin deficiency 


rash also showed two peaks which coincided with a low nicotinic acid intake 
The clinical findings m ben-ben and pellagra are summarized below 
Beri-Beri — (1) Neuritic (dry) form — The spinal cord and peripheral 
nerves are chiefly involved Lesions are present in the ventral horn cells, 
dorsal root ganglia and the peripheral nerves There is tenderness of the skm 
and the deep structures (muscles, bones), wasting and paralysis of muscles 
and diminution or loss of deep reflexes , the muscles of respiration may be 
affected also 

1 Cruikshank, Lancet, 194G, n, 369 
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(2) Cardiac (or wet) form — There is enlargement of the heart owing 
to an increase in the weight of the right ventricle (resulting from either 
congestive heart, hypertrophy or oedema) There are signs of circulatory 
failure the heart is enlarged, the pulse is rapid and feeble, and cardiac 
oedema is present which may be extreme and general 

The two syndromes (dry and wet) overlap to a varying degree The 
changes in the organs are first reversible and later irreversible Early treat- 
ment with thiamine produces rapid and complete recovery , in chronic cases 
prolonged treatment with vitamm-Z? concentrates containing all members of 
the group produces very gradual and partial recovery 

(3) Cerebral Beri-Beri (Wernicke’s encephalopathy) 1 — This 
syndrome is due to thiamine lack principally affecting the brain especially 
the grey matter round the third ventricle , characteristically haemorrhages 
are found in the mammillary bodies Among the British prisoners in Singapore 
many cases occurred of which 52 were carefully studied As might be expected, 
nearly every one of these patients also had signs of the other forms of ben-ben 
or other vitamin-B deficiencies The chief findings m this epidemic of 
cerebral ben-ben were as follows 

(l) Gcneial — There was loss of appetite, nausea, and vomiting (p 1029) 

(n) Eye Changes — Nystagmus regularly occurred , there was unilateral 

or bilateral fatigue or palsy of the external recti The patient had difficulty 
m reading , he complained that “ everything wavers on looking to the 
side ”, he might see double 

(m) Mental Changes — The patients suffered from sleeplessness and 
became anxious and depressed , they might cry on being questioned They 
lost contact with their environment and seemed to live m a dream-hke world 
They described their surroundings as somehow different the brightness and 
acuteness of life seemed lost , human voices appeared toneless , restless 
snatches of dreams seemed to become part of reahty There was loss of 
memory for recent events , in severe cases the preceding 2-3 weeks became 
blotted out 

Owing to shortage of supplies of thiamine only a few of the patients were 
treated with thiamine alone , most of the cases had to be treated with yeast 
extracts which contain all the members of the vitannn-5 group Those 
receiving injections of thiamine m the early stages of the syndrome (com- 
mencing loss of memory) improved dramatically (cf p 1030) , within 12-24 
hours vomiting ceased and the appetite returned , the patient felt well, 
and became cheerful, co-operative, and voluble , he slept well , the eye 
abnormalities began to clear up In more advanced cases recovery was 
slower and incomplete and the prolonged treatment had to consist of giving 
yeast so that the evidence for the exclusive role of thiamine in producing 
the improvement is incomplete 1 2 

1 de Wardener and Lennox, Lancet, 1947, i, II 

2 Alcoholic Neuropathy — In chronic alcoholism, peripheral nerve changes are 
common, leading to disturbances of movement and sensation, mainly in the lower limbs 
It is suggested that tins “ polyneuropathy ” is not due to the direct toxic action of 
alcohol on the nervous system but to a related thiamine deficiency Chronic alcoholism 
depresses the appetite and disturbs gastro intestinal activity, and so may lead to 
defective intake and absorption of the vitamin Chnical improvement is claimed to 
be produced by thiamine therapy, but some observers are not impressed by the results 
obtained 
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Pellagra 1 — This disease is endemic m the southern states of the USA, 
Italy, Rumania and other countries The findings are summarized below 

(1) Gastrointestinal Changes — Glossitis appears early in the disease , 
the tip and lateral margins of the tongue are red and swollen, and later 
penetrating ulcers develop Similar changes take place m the mouth, gums 
and pharynx, and follow the same course There is complaint of a burning 
sensation in the mouth, oesophagus and stomach , mucosal changes have 
been seen m the stomach with the gastroscope Nausea, vomiting and 
diarrhoea are frequent The urethral and vaginal mucous membranes may 
show changes similar to those present m the mouth 

(2) Skin lesions may develop anywhere, usually on the dorsum of the 
hands and feet, axillae, elbows, wrists, knees, beneath the breasts, and the 
perineum The skin is first red and itchy , later it becomes swollen and 
tense and vesicles develop , finally desquamation takes place, the under- 
lying skin remaining abnormally thickened and pigmented 

(3) Nervous Changes — Various forms of mental disorders occur, 
together with “ polyneuropathy,” i e symmetrical bilateral involvement of 
the nerve supply of the lower limbs 

The following facts indicate that pellagra is a deficiency disease 

(l) The diet used m pellagrous households generally consists largely of 
maize, and is poor m meat Eleven volunteers in a Mississippi prison were 
given a typical diet consisting ol maize meal, white wheat flour, potatoes, 
salt pork, and syrup , at the end of 6 months 6 had developed pellagra 

(n) It has been suggested that pellagra is due to insufficiency of protein 
or essential ammo-acids It is found, however, that large amounts of casein 
• — a protein of high biological value — though retarding the onset of symptoms, 
do not prevent recurrences , on the other hand, the administration of 15 g 
of dried yeast daily (=7 g of protein) is a very potent remedy and is equivalent 
in curative value to 200 g of lean meat (=45 g of protein) 

(m) Human pellagra can be controlled — both prevented and cured — by 
modifications of the diet, e g by a generous allowance of lean meat or yeast 
extract , so long as the diet is adhered to strictly, remissions (which otherwise 
are of frequent occurrence) do not take place 

(iv) Remarkable improvement is obtained by administration of nicotinic 
acid, or nicotinic acid amide or certain related substances ( e g quinolinic acid) 
by any route In 24-72 hours the redness and swelling of the tongue and 
mouth and the alimentary symptoms subside The fiery skm lesions blanch 
in about 48 hours Acute mental s} mptoms disappear , a patient who was 
previously mamacal may become calm, and confused patients clear The 
polyneuropathy, however, is unrelieved by nicotinic acid but is benefited by 
thiamine The role of maize in the production of pellagra is not understood , 
it seems to aggravate m some way the harmful effects of nicotinic acid 
deficiency Maize may be harmful because it is deficient m tryptophan or 
because it contains an antagonist to nicotinic acid 

Among the British prisoners of war at Singapore, whose diet was deficient 
m the whole vita min - B group, the mam incidence of pellagra occurred some 
months after the peak incidence of ben-ben (Fig 651) , the mucous membrane 
and skm lesions of pellagra appeared first and the changes m the nervous 
system developed later 

1 Elvelijem, Physiol Rev , 1940, 20, 249 
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It seems, therefore, that the major specific signs of pellagra (gastro- 
intestinal, skin, and mental changes) are due to deficiency of nicotinic acid 
In pellagrous areas many cases of psjchosis (without other signs of pellagra) 
are the result of nicotinic acid deficiency and are rapidly relieved by this 
substance In most clinical cases of pellagra the diet is deficient m many 
respects (calories, protein, calcium, iron, vitamin-/! and the whole -B complex) 
Specific therapy is therefore not a substitute for a general correction of the diet 

Attention has been repeatedly drawn to the synthesis of the vitamin-A 
group by intestinal bacteria An interesting case has been recorded of an 
ill-nourished woman who developed dysentery which was treated with 
sulphaguanidme (p 1020) A pellagnnous rash appeared in three days which 
cleared up (in spite of continued administration of sulphaguanidme) by 
means of injections of nicotinamide 

Nicotinic acid has been employed m the treatment of other forms of 
psychosis, especiallv those occurring in old people , beneficial results are 
claimed It should be remembered, however, that nicotinic acid increases the 
cerebral blood flow (e g by 20%) and may be helpful in this non-specific 
manner 

Biotin Deficiency 1 — (1) In animals marked symptoms can be produced 
by a diet rich in egg white , the mechanism concerned is the inactivation of 
the biotin m the animal’s body by the avidm of the egg white In monkeys, 
biotin deficiency causes thinning of the fur and loss of hair colour , later a 
heavy scaly dermatitis develops which covers the whole body, but is most 
marked on the face, arms, and lips The condition clears up when 20 gg of 
biotin arc given daily 

(2) A number of volunteers were fed on a diet with a minimal biotin 
content to which was added 200 g of egg white daily Fine scaling of the shn 
appeared after four weeks and cleared up about a week later In the eighth 
week there was a marked greyish pallor of the skin and mucous membranes 
(which was out of proportion to the slight anaemia wduch developed), atrophy 
of the lingual papilhe and return of the dryness and desquamation of the 
skm Symptoms like those of thiamine deficiency (p 1029), progressively 
developed from the fifth week, i e depression, lassitude, muscle pains, hyper- 
sesthesia, loss of appetite, and nausea Serum cholesterol was raised Biotin 
excretion in the urine was lowered from the normal ( e g 25-50 gg ) to 3-7 gg 
daily Ingestion of 75-300 gg of biotin daily produced rehef in a few days 
with restoration of the appetite, return of the colour of the slan and mucous 
membranes to normal, and increased biotin excretion m the urme 

Vitamin-(7 (Ascorbic Acid, Cevitamic Acid) — Sources — The best 
sources are (l ) fresh fruits (m decreasing order) black currant, strawberry, 
orange, lemon, grapefruit, gooseberry , there is httle in pear, plum, grape 
or most varieties of apple , (n) fresh vegetables (m decreasing order) brussels 
sprouts, cauliflower, cabbage, tomato, new potato Vita mm-C is present 
in small amounts m fresh milk (more especially human milk), and m 
raw meat juice , pasteurized milk is nearly devoid of the vitamin The 
vitamm-0 content of fresh milk varies with the diet of the cow, being large 
in amount m summer, when the animal is fed on greenstuffs, and much less 
in winter It is absent from dried seeds, but it is formed during the process 
of germination 

1 Sydenstricker et al , Science, 194-2, 95, 176 
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Distribution in Animal Tissues — Vitamin-C can be estimated quantita- 
tively in ammal tissues by a method which depends on the fact that it 
decolorizes the dye 2 6-dichlorophenol-mdophenol Using this method the 
vitamin can be demonstrated m the adrenal cortex (p 944), the wall of the 
gut, the lens, and. the aqueous and vitreous humours The amount excreted 
m the urine can also be readily determined 

Properties — It is rapidly destroyed by heating at 100° C m the presence 
of oxygen, especially in an alkaline medium, and by drying It is therefore 
absent as a rule from dried, canned or preserved foods unless the process is 
carried out ancei obically During the cooking of vegetables the loss of -C 
can be min i m ized by avoiding too much preliminary shredding, too much 
cooking water, prolonged cooking, and keeping the vegetables warm for a 
long time or reheating 

Chemistry — Vitamm-C has been isolated, and is synthesized on an 
industrial scale for therapeutic use , it is named ascorbic acid or cevitamic 
acid The formula is shown m Fig 652 

0 = C — | 

I 

HO-C 

II 0 

HO-C 

I 

H-C — 

I 

HO-C-H 

I 

ch 2 oh 

Fio Gii 2 — Structure of Vitamin C 

Effects of Vitamin-C Lack in Man Experimental Scurvy — Tbe 
account which follows is based mainly on the pioneer experiment of Crandon 1 
on himself and on a careful study of 20 British volunteers 2 The latter were 
maintained for a control period of 6 weeks on a basal diet completely devoid 
of vitamin-C (it contained less than 1 mg daily) to which 70 mg of -C were 
added daily The subjects were then divided into three groups (l) on the 
basal diet only (10) , (n) basal diet +10 mg of -C daily (7) , (m) basal diet 
+70 mg of -C daily (3) Groups (u) and (m) remained perfectly fit and well 
The detailed findings m the completely deprived British group and m Crandon 
are considered below 

Blood Changes (Fig 653) — The average normal vitamm-0 level m the 
plasma is 0 55 mg /100 c c , m the white blood corpuscles the average 
normal value is much higher, te 16 mg /100 g 

(l) On a vitamm-C intake of 70 mg daily the blood levels are unaffected 

(n) On the vitamm-free diet the vitamin-O content fell m the plasma to a 

negligibly low level, i e under 0 05 mg /100 c c after 5 weeks, and in the white 
corpuscles to under 1 mg /100 g after 16 weeks 

(m) On a 10 mg -C intake the plasma changes were the same as in (n) 

1 Crandon, Lund, and Dill, New Engl Med J , 1940, 223, 359 

2 British Medical Research Council Report, Lancet, 1948, l, 853 
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supra , the concentration in the white corpuscles followed the same course, 
but the final minimal level was rather higher than m (n), i e about 2 mg /1 00 g 
Relation Between Blood Vitamin-0 Level and Clinical State 
— As symptoms first appeared after about 5 months m the vitamin-free group, 
the intervals between the virtual disappearance of vitamm-0 from the plasma 
and white cells and the appearance of symptoms were respectively 14 weeks 
and 3-6 weeks It should be noted that although vitamm-C disappeared 
from the plasma m the 10 mg intake group, the subjects remained normal 
The virtual disappearance of -C from the plasma thus does not necessarily 
indicate that scurvy is present or imminent , on the other hand a plasma 
level above 0 1 mg /100 c c definitely excludes the diagnosis of scurvy The 
white cell -O content was significantly different m the -0-free group and that 
receiving 10 mg of -C , a white cell -C content below 2 mg /100 g (if con- 
firmed) supports a diagnosis of scurvy 
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Fig 653 — Changes m Vitamin-C (Ascorbic Acid) concentration in Plasma and 
White Corpuscles in Complete Experimental Vitamin C Deficiency in Man 
(After Crandon et al , New Eng J Med , 1940, 223, 354 ) 


Clinical Changes — (1) Negative Findings — Many negative findings 
must be emphasized There was no decrease m the red cell or white cell 
count, platelet count, or hEemoglobm concentration , vitamm-C lack therefore 
has no adverse effect on red marrow activity (p 194) There were no general 
capillary changes , the resistance of the skin capillaries and bleedmg time 
(p 158) were normal , there was no nose-bleedmg , blood or red cells did 
not appear m the urine , there was no occult blood m the feces , the micro- 
scopic appearances of the capillaries m the nail bed and in the conjunctiva 
were normal Body weight was maintained and there was no complaint of 
general pams or weakness 1 Resistance to infection was not decreased 

i In Crandon’s case the diet was so unpalatable that the food intake was low and there 
was a loss of 25 lb on weight in 6 months , his physical efficiency deteriorated and he 
could do as much as the average octogenarian , a live minutes’ walk was his peak cnor 
Probably these changes were due to the prolonged period of general undernutrition 
(cf p 1045) 
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(2) Shn Changes — After 4-6 months there was enlargement and keratosis 
of the hair follicles m the skm These changes were marked on the upper arms, 
back, buttocks, back of thighs, calves and shins Microscopic examination 
showed that the follicles were plugged with horny material m which the hair 
was coiled or looped , subsequently the local vessels became congested and 
leaked , the follicles then became red and htemorrhagic 

(3) Gums — After 6 months, gum changes developed regularly, consisting 
of swelling and tiny haemorrhages in the loops of the interdental papillae In 
two subjects who had some initial gingivitis gross changes occurred , the 
gums became very swollen and purplish m colour , later patches of necrosis 
appeared 

(4) Wound Healing — Normal healing of a wound (e g that produced by 
a deep skm incision) involves development of new capillaries, proliferation 
of fibroblasts and the laying down of reticulm fibres followed later by the 
appearance of collagen fibres In severe gmnea-pig scurvy all these phases ot 
wound healing are deficient In Crandon, after 3 months’ deprivation of 
vitamin-C, an experimental deep incision m the back healed rapidly and 
completely within 10 days A similar incision performed after 6 months’ 
deprivation showed good union of the epidermis after 10 days, but there 
were no signs of healing in the deeper parts of the wound winch was filled 
with unorganized blood clot , no capillary or fibroblastic proliferation had 
taken place and there was no laying down of reticulm or collagen fibres 
(Fig 654) There were considerable variations m the extent of impairment of 
wound heahng m different subjects The tensile strength of healed wounds 
was lower than normal Scars of old wounds that had healed well m the early 
stages of vitamin- C deprivation became red or livid when clinical scurvy 
appeared 

(5) Neuromuscular coordination was slightly impaired and fatigue set 
in shghtly more readily 

(6) In three of the 10 British volunteers who were completely deprived of 
vitamin-C grave complications developed which required immediate intensive 
vitamin -C medication , two developed signs of cardiac ischaemia, i e pa in in 
the chest, dyspnoea, and serious electrocardiographic changes , one who may 
have had some initial affection of the spine developed changes m the vertebrae 
and a tuberculous paravertebral abscess 

There thus appear to be stages m the development of experimental 
scurvy (i) an initial stage with changes m the vitamm-(7 content of the 
blood and no chmcal signs , (n) a stage of clinical scurvy consisting of changes 
in the skm, gums, and impaired wound healing , (m) a final stage when life 
may be m immediate danger 

When 10 mg of -C were administered daily to experimental subjects with 
well-developed scurvy, the skm changes cleared up in 1-2 months and the 
gums became normal m 3 months When massive doses of -G were given 
recovery was rapid Thus the chest pam and dyspnoea m the two subjects 
mentioned above were relieved m 24 hours Crandon’s experiment was 
ended by giving him 1000 mg of vitamm-C intravenously daily , a wound 
inflicted on the final day of his treatment became completely healed m 10 
days , the skm petechias faded m a week and the skm was quite normal m 
three weeks 

Renal Threshold for Vitamin-C — When the plasma vitamin-C level 
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exceeds 0 85 mg /100 c c , the vitamin appears in the urine The presence 
of the vitamin m the urine is evidence that the subject is amply provided 
(“ saturated ”) "with the vitamin 

Vitamin-C Requirements in Man— The experiments recorded above 
show that in adults, 10 mg of vitamm-0 daily are both completely protective 
and curative, even over periods as long as 14 months To allow a margin of 
safety and to provide for individual variations a daily intake of 30 mg of 
vitamin-0 is probably desirable There seems to be no clinically recognizable 
condition of sub-scurvy or pre-scurvy , people without the specific signs and 
blood changes of scurvy will not benefit m any way by supplementing the 
vitamin-C content of their diet 

Clinical Scurvy — Scurvy occurs in infants who have been fed exclusively 



Fig 654 — Delayed Wound Healing in Experimental Vitamin C Deficiency in Man 
(Crandon, Lund and Dill, New Engl J Med , 1940, 223 ) 


A and B arc biopsy specimens of sbin 

A Wound mado after 0 months vitamin C deprivation , noto absence of healing The shin is united 
superficial! v, but deeper tissue shows no healing whatever, the large space was occupied by an 
unorganized blood clot 

B Normal wound healing m same subject after 10 da) s’ intravenous vitamin C therapy 


on sterilized food, the vitamm-C content of which has thus been destioyed , 
the characteristic symptoms are licemoi rliages from various parts, and anaemia 
After being fed for about 6 months on the defective diet, fretfulness and loss 
of appetite develop Haemorrhages occur (i) under the periosteum, eg at the 
lower end of the femur, giving rise to great pam, tenderness, and refusal to 
use the hmb , (n) from the gums if the teeth have erupted , (m) from the 
kidney, intestine, and under the skin There may be changes in the teeth 
themselves The long latent period is noteworthy 

In adults similar symptoms of scurvy develop m people like sailors or 
prisoners who have been deprived for a long time of fresh food 

The clinical manifestations are thus far more severe than those observed 
in the controlled experiments It must be remembered, however, that 
clinically the vitamin deficiency particularly m adults may be very prolonged, 
that multiple vitamin deficiencies may be present which may precipitate 
or aggravate the symptoms, and infections may develop which mcrease the 
rate of disappearance of vitamin-C fiom the body 
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Mode of Action of Vitamin-0 —In experimental vitamm-C deficiency 
there is failure of certain tissues to lay down and maintain normal inter- 
cellular giound substance (including reticular and collagen fibres) This 
partly accounts for the poor wound healing and the reduced tensile strength 
of wounds The hcemonhages are attributed to lacl of cement substance m 
the capillaiy lining In animals with advanced experimental scurvy complex 
changes occur in the bones, especially at their ends , the bone cells are not 
buried in a firm matrix but are found lying in a liquid material. The grave 
terminal changes in experimental scurvy require some other kind of 
explanation 


PRINCIPLES OF DIETETICS 1 

Essentials of a Diet — An adequate diet must have a calorie value 
sufficient to provide for the requirements of the basal metabolism, the 
stimulating action of the foodstuffs, loss m the feces of energy-containing 
derivatives of the foodstuffs, and the needs of varying degrees of muscular 
work It must have adequate amounts of protein ( essential ammo-acids 
(p 881)), fat, carbohydrate, water, and salts (ions) m suitable proportions, and 
an ample vitamin content In children adequate provision must be made for 
additional tissue formation , the special requirements of menstruation, 
pregnancy, lactation and illness must be taken into account As the food has 
to De eaten by discriminating human beings it must be well cooked, look 
attractive, taste nice, and be reasonably varied from day to day 2 

Energy Requirements — A distinction muBt be drawn between the 
energy value of the food as purchased and of the food absorbed after digestion 
A variable loss occurs during the preparation and cooking of the food , a 
further small percentage escapes digestion and absorption and is eliminated 
m the feces, the loss being greater on a vegetable diet (because of its cellulose 
content (p 815)) than on an animal diet It is usual to deduct 10% from the 
theoretical calorie value of the mixed diet to allow for these losses Thus, a 
ration with a theoretical yield of 1000 Cal would only provide 900 Cal m 
the body 

(l) The basal energy requirements can be calculated from the surface 
area , in an adult man it is 40 Cal per sq metre per hour , the average 
surface area is 1 8 metres , so the hourly basal energy output is 72 Cal 
(p 378) During 8 hours of sleep at basal level the total energy output is 
576 Cal 

(n) During waking hours the taking of food stimulates metabolism by 
5-10% During 8 hours of leisure the ordinary small activities of daily life 
increase metabolism by about 40 Cal per hour An hour’s walk at 2|, 3§, and 
5£ miles per hour respectively involves an extra output of 140, 240, and 
580 Cal , an hour’s dancing is equivalent to 240 extra Cal , cycling, 175 Cal , 

1 Jolhffe, Cannon, and Tisdall, Clinical Nutrition, N Y , 1950 Davidson and Anderson, 
Text Bool of Dietetics, 2nd edn , Edinburgh, 1947 

2 ‘Nutrition is the science of test-tubes, gastronomy is the art of taste buds” (Andre 
Simon) (and, of course, of the olfactory nerve endings) 
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boxing, 800 Cal The total calorie output in these 8 hours of leisure might 
thus be ° 


8 hours’ basal (8 x 72) = 576 

Stimulating action of food = 50 

7 hours’ small activities (7 x40) =280 
1 hour’s exercise =240 

Total 1146 Cal 


(m) The energy output during 8 hours of work vanes enormously with the 
kind of work performed The calories expended per hour above basal for some 
occupations are as follows typing, writing, 40 , sewing, 40 , dish washing, 
70 , sweeping and cleaning, 100 , laundry, 170 , tailor, 80 , carpenter, 150 , 
metal work, 180 , blacksmith, 300 , stonemason, 330 , sawing wood, 400 , 
coal mining (cutting), 120, timbering, 200 The 8 hours’ additional energy 
output can be classified thus sedentary work, under 400 Cal , light work, 
400-700 Cal , moderate work, 700-1100 Cal , heavy work, 1100 Cal or over 
Even the most concentrated brain work causes no measurable increase m 
energy output 

The energy output for the 8-hour work period might be thus 

8 hours’ basal (8 x 72) =576 

Stimulating action of food= 50 

Energy value of work =400 up to 2000 Cal or more 

(iv) The total daily output for a sedentary worker (work expenditure=50 
Cal per hour) might thus be 

8 hours of sleep 576 

7 hours of leisure + 1 hour’® exercise 1146 

8 hours of work (626-{-(8x50) 1026 

Total 2748 Cal 

Children — The energy needs of children are difficult to compute The 
basal metabohsm is considerably greater per sq metre of surface m children 
than in adults (p 378) The extra energy demanded by the growth processes 
is very small Between the ages of 11 and 16, both sexes put on weight at 
the average rate of about 4 kg a year, which is equivalent to the negligible 
quantity of 30 Cal per day 

It is still more difficult to compute the very variable energy output due 
to muscular activity m children Probably any reduction of the food intake 
causes a diminution in activity, before it affects the processes of the body 
which are essential to health and growth 

Standards of Calorie Requirements — In view of the enormous 
practical importance of the subject, not only from the physiological but also 
from the social and political standpoint, the energy requirements a 3 worked 
out by an expert Committee of the British Ministry of Health are quoted 
below They laid down that the average caloric requirement of a man doing 
light work is 3000 Gal net (t e available after absorption), or 3300 Cal as 
bought The average housewife needs about 10% less, i e 2700 Cal net , a 
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woman doing more active work needs as muck as tke average male Tkese 
allowances probably err on tke generous side During tke last war tke 
average food intake m Britain was less than tkese recommendations Men 
doing kard work may need up to 4000 Cal and more in appropriate cases 
The needs of clnldren are laid down as follows 


Age 

1-2 

2-3 

3-6 

6-8 

8-10 

10-12 

12-14 

Calories 

1000 

1250 

1550 

1850 

2160 

2550 

2900 


Note that children over 12 require as much food as adults For girls 
between 14 and 18, 2800-3000 Cal are advised , for boys of tke same age, 
3000-3400 Cal , i e ratker more tkan tke requirements of an adult kgkt 
worker 

Results of Inadequate Caloric Intake — 1 Moderate Calorie 
Deficiency The Carnegie Experiment — Twelve healthy subjects whose 
normal food intake was equivalent to 3100 Cal per day were put on a diet 
containmg only 1600-1800 Cal for 5 weeks , the diet was adequate m other 
respects During this period they lost 10% of their body weight The food 
intake was then increased to 1970 Cal daily , on this diet tke body weight 
remained approximately stationary over a period of several months The 
striking economy m food intake was achieved, however, at tke cost of a 
considerable deterioration m tke general physical and mental state The 
subjects felt weak and tired easily , they were unable to work kard or for a 
long time , sexual drive was decreased Their listless depressed state led to 
a saving on tke 500 Cal usually needed for “ small activities ” and exercise 
(p 1043) The chronic state of undernutrition decreased tke basal metabokc 
rate as explained on p 378 As far as they could they reduced their energy 
output further by doing less work The energy intake provided no reserve 
for the additional requirements of fever or illness The final picture was 
similar to that found among tke poor m many backward countries As their 
diet is inadequate tkese people are feeble and unable and unwilkng to work 
hard , they have no drive or initiative Owing to their depressed physical 
state their productivity falls off, and m agricultural communities the food 
output decknes A vicious circle is thus estabksked m which malnutrition 
leads to weakness which m its turn aggravates the degree of malnutrition 
Any illness which decreases the energy intake or increases the energy loss 
may have serious consequences Such a population is unlikely to be capable 
of sustained vigorous physical or moral resistance against an oppressor If 
external aid were available to produce an initial improvement in the nutritional 
state the resulting increase m strength might so improve productivity ^that a 
satisfactory diet might ultimately be made available by the people’s own 
efforts 

2 Severe Calorie Deficiency The Minnesota Experiment — The 
effects of more severe and prolonged semi-starvation were studied by a group 
m the Umversity of Minnesota 1 Thirty-two healthy young adults whose 

1 Keys et al , Biology of Human Starvation, Minneapolis, 1950 This monograph gives 
an encyclopedic survey of the whole subject of undemutntion 
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average control intake was 3490 Cal were kept for 24 weeks on a diet of 
1570 Cal containing approximately 50-55 g of protein, 30-45 g of fat and 
300 g of carbohydrate , as a result they lost 25% of their original body weight 
The intake of vitamins and of minerals was adequate 

General Changes — The wasting affected the face and the body alike , 
the emaciated features, the protruding ribs, the unprotected ischial tuberosities 
and the badly fitting clothes and shoes made the subjects acutely aware of 
the degree of physical deterioration that had taken place The skm became 
rough, tlnn and pigmented , it was generally cold and slightly cyanosed 
The hair grew more slowly and fell out m large amounts , the nails also grew 
more slowly (Edema was common after the twelfth week and was specially 
noticeable m the ankles, knees and face Cuts and wounds bled less freely 
and healed more slowly Tolerance to heat was increased but that to cold 
was diminished The subjects liked their food and drink to be served un- 
usually hot They constantly complained of their cold hands and feet , even 
m the hot summer they wore extra clothes by day, and covered themselves 
with many blankets at night The blood pressure was unchanged but the 
resting pulse rate was very low (35 per mmute) They complained of giddiness 
or momentary blackout on getting up from the sitting or lying position , 
actual fainting was rare There was no impairment of visual acuity but many 
subjects complained of transient visual disturbances such as inability to 
focus, eye-aches, and “ spots ” before the eyes There was a shght increase 
in auditory acuity , it is uncertain whether the frequent complaint that 
ordinary sounds and noises were disturbing and annoying was the result of 
the “ improved ” auditory sensitivity or was due to a state of “ irritability ” 
Muscle cramps and muscle soreness were common , the extremities often 
went “ to sleep ” Voluntary movements were noticeably slower , the 
subjects felt weak and tired easily , they moved cautiously, climbing stairs 
one step at a time Coordination was disturbed , the men sometimes tripped 
over the kerb and bumped into objects which they intended to avoid There 
was a reduction in self-initiated, spontaneous activities , as starvation 
progressed, fewer and fewer things stimulated the men to overt action They 
said that their increasing weakness, loss of ambition, narrowing of mterests, 
depression, irritability and loss of libido made them feel they were growing 
prematurely old 

Quantitative Changes — Some of the principal quantitative changes 
observed are summarized below , m all cases the results quoted are the mean 
values for the group as a whole 


After 24 

Control weeks’ semi- 
starvation 

Calorie intake 3490 1570 

Body weight (kg ) 70 52 5 

Body fat (kg ) (calculated) 9 8 3 0 

Hsematocnt value (%) 46 4 36 6 

Haemoglobin (g-%) 15 1 11 7 

Total blood volume (c c ) 5850 5350 

Total plasma volume (cc) 3130 3390 

Blood volume (c c /kg ) 84 101 
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Conti ol 

Ajtei 24 
ivcels ’ semi- 

Plasma volume (c c /kg ) 

45 

stai nation 

64 

Total plasma pi otein (g /100 c c ) 

6 7 

60 

Plasma albumin (g /100 c c ) 

4 3 

39 

Plasma cholesterol (mg /100 c c ) 

169 

151 

Basal pulmonary ventilation 
(lities/mm ) 

48 

33 

Vital capacity (litres) 

52 

49 

Basal O, consumption (c c /mm ) 

228 

139 

Basal 0 2 consumption 
(c c /sq M /mm ) 

122 

84 

Basal pulse rate (beats/mm ) 

55 

35 

Systolic blood pressure (mm Hg ) 

106 

99 

Pulse piessure (mm Hg ) 

36 

31 

ECG 

height of Tj+T-j-f T 3 (mVx 10) 

5 6 

33 

height of R in Lead I (mVx 10) 

3 7 

1 4 

height of R m Lead IT (mVx 10) 

99 

6 2 

Time for winch woik test could 
be kept up (seconds) 

242 

50 

Strength of hand grip (kg ) 

58 

42 

Back dynamometer test (kg ) 

150 

105 


Some of the results noted above deserve further consideration 

(1) Body Weight —The loss of body weight was masked to some extent by 
the presence of oedema On refeedmg, an initial further loss of weight might 
occur owing to loss of fluid The muscles wasted rapidly and the changes m 
the flaccid muscles contributes markedly to the apathetic mask-like expression 
of famine victims In some cases the oedema gave the face a bloated expression 
with swollen eyelids and puffy cheeks 

(2) Endocrine Glands — There was marked atrophy of the thyroid, evidence 
of dysfunction of the pituitary and changes m the adrenals 

(3) Body Fluids (Edema —The oedema was associated with a fall m the 
plasma protein concentration and osmotic pressure, but it was not regularly 
related to the extent of these plasma changes (cf p 115) The total plasma 
volume was little altered, but was greatly increased relative to the reduced total 
body bulk , there was probably a relative excess of body fluid , the mechanism 
of this fluid retention is obscure, but then little is known about the lactors 
which normally regulate the total volume of body fluid In spite oi the 
oedema, polyuria was often a marked symptom associated with a correspon mg y 
high fluid intake The fall m hematocrit value and hemoglobin level was due 
to decreased hsematopoiesis (cf pp 163, 210) 

(4) Circulation — The remarkable degree of bradycardia should be 

emphasized , it may be due m part to the presence of thyroid deficiency 
The peripheral blood flow was reduced and the venous pressure lowered , t e 
blood pressure was unchanged , , 

(5) Among the alimentary symptoms were flatulence, cohc and diarrhoea 
Gastric tone and motility were depressed 
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(6) Metabolic Rate — The B M II was reduced whatever criterion was em 
ployed, there was a decrease m the B MR per kg of 20%, per sqm of 30%, 
and per man of 40% The fall in resting metabolism was due only in part to 
the smaller mass of active tissue , to some extent it may be due to thyroid 
deficiency The average saving of energy produced m this way was of the 
order of 600 Cal daily 

(7) Negative Nitiogen Balance —There was a consistent state of negative 
nitrogen balance for the reasons explained on p 901 The relationship of 
calorie intake to N balance is well shown m the Table below (after Boothby 
and Bernhardt) 




Food Intale 

Nitrogen 

Change in 

Period 

Date 

Calories 

N (9 ) 

Balance 

9 

Body Wt 
kq 

I 

2nd June-15th June 

894 

94 

-34 

-2 9 

II 

16th June-lst July 

1296 

10 1 

-2 1 

-0 3 

III 

2nd July-1 9 th July 

1620 

11 6 

-1 2 

-0 2 

IV 

24th July-1 2 th Aug 

3353 

15 2 

+20 

+2 3 


(8) Sensation of Hunger — In people totally deprived of food the feeling 
of hunger disappears after a few days , m semi-starved people on the other 
hand the hunger sensation becomes progressively accentuated It is known 
that strong contractions of the empty stomach give rise to a sense of hunger 
(hunger pams), but it is not likely that hungei is always or generally produced 
m this way Thus these subjects often complained of hunger immediately 
after a large meal and when gastric motility and tone were depressed The 
cause of the hunger sense is as obscure as that of thirst (cf p 68) 

Rehabilitation — After the fast, the subjects were placed on progressively 
larger diets until full recovery occurred Recovery from dizziness, apathy 
and lethargy was rapid , tiredness, loss of sex drive, and weakness improved 
slowly The oedema gradually disappeared though m some men there was 
initially little change or even an increase in oedema Cramps and vague 
aches and pains persisted for some time Some of the men had new complaints 
such as flatulence, distension, and stomach-ache Those subjects who gamed 
most weight became concerned about their increasing sluggishness, general 
flabbiness, and the tendency for fat to accumulate on the abdomen and 
buttocks At the end of three months even the subjects on the highest calorie 
intake were still m a poorer physical condition than in the control period It 
was not until after an additional 3 months of “ normal living and super- 
normal eating” that the physical capacity approached pre-expenmental levels 
It has been generally thought that patients subjected to prolonged severe 
starvation cannot swallow, digest or absorb simple foods During the Dutch 
post-war famine elaborate preparations were made to feed the patients by 
stomach tube or intravenously with protein hydrolysates and glucose 
solutions Experience showed that those who were too ill to take food by 
mouth died whatever was done to them , but the others had a good appetite, 
could take normal food almost from the fiist and were able to digest and 
absorb it well if it was given m small quantities at frequent intervals They 
tolerated separated milk and even large amounts of butter-fat quite well 
In chnical rehabilitation it is generally advisable to concentrate on 
increasing the calorie intake by giving any foods immediately available, 
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which in Europe were grains and potatoes , these foods also supply additional 
protein and vitamins 

3 Clinical Undernutrition — In every age and m every land people 
have starved and the record of the 20th century m this respect is as bad as 
most Hunger is generally due to ignorance, misfortune or human malev- 
olence , of the last we have experienced more than our fair share The 
effects of undernutrition vary with its nature In the recent European 
famines the mam deficiency was m calories, as the wholemeal bread and 
vegetables eaten (especially potatoes) prevented serious protein or vitamin 
deficiencies Vitamin requirements (especially of the -B group) are lower 
when the calorie intake is reduced In the Eastern famines, of which the 
Singapore captivity is an excellent example, the effects of vitamin deficiency 
often predominated (p 1031) 1 In clinical studies the immense importance 
of the psychological changes must be emphasized , the starved person differs 
m mind as well as m body from the well-nourished person 

Starved people differ m the degree and kind of the undernutrition and m 
the effects of the associated brutalities or other complications The results 
have been reviewed at length m the monograph by Keys and his associates 
Some recent chnical studies are summarized below 

(1) Observations 2 on Prisoners oe War in World War II — The 
changes in the badly fed soldier m the prison camp were as follows “ First 
there was the loss of the natural feeling of well-being A growing feehng of 
hunger followed and gradually increased in intensity until, after about 3 
weeks, the whole thought of the prisoner was concentrated on his food ” This 
insistent feehng of hunger increased with time , the half-starved man would 
go to great lengths of ingenuity and dishonesty to obtain small amounts of 
extra nourishment Only when death was imminent did the desire for food 
slowly vanish 

“ The next notable abnormality was a progressive mental and physical 
lethargy The desire for sleep increased , the number of hours that an adult 
male would wish to remain m bed, partly dozing but for the most part m 
genuine deep sleep, steadily rose from the normal 8 hours to 16 or more out 
of the 24 Finally, the only way to rouse a man from his bed was by the 
mention of food ” Shortly after this came rapid fatigue during mental or 
physical effort The experienced card-player, for instance, would forget the 
cards that had just been played 

In the fully developed picture of semi-starvation the slowness of movement 
was notable The gait m walking was a shuffle and suggested a slow-motion 
picture Speech was slow, and obtaining responses to questions was tedious 
Their slow movements and delayed reaction times made these men especially 
prone to accidents “ Though they could see that a fall of rock or branch 
of a tree was imminent, their actions were too slow to move out of danger ” 
The desire for tobacco greatly increased and seemed stronger than the desire 
for food, since men would barter even the httle food they had for a small 
amount of tobacco Standards of cleanliness deteriorated drastically, and 
pride m personal appearance was lost Normal moral standards lost all 
influence on the behaviour of the starvmg men and they would steal food from 

1 The results of lack of individual dietary constituents, e g iron, iodine, vitamins, are 
reviewed m the appropriate sections in this book 

2 Leyton, Lancet, 1946, u, 73 
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tlieir best friends or barter their clothes for tobacco “ None of the other 
hardships suffered by fighting men observed by me [Leyton] brought about 
such a rapid or complete degeneration of character as chronic starvation ” 

(2) The German Extermination Camps x — “ The psychological atmos- 
phere of the extermination camps is beyond our capacity for empathy The 
official daily ration in the notorious Auschwitz Camp was one litre of watery 
soup, 250 g of bread and about 25 g of margarine or sausage or imitation 
honey, providmg an estimated maximum of 1000 Cal per day The German 
camp doctors did not expect the inmates to survive much beyond 6 months 
The camps were grossly overcrowded, with 500 to 1000 people herded together 
m blocks of 100 feet by 20 feet Sanitary facilities were utterly inadequate 
There was a shortage of water The inmates were infested with lice, and 
many had scabies They were under constant threat of being subjected to 
the brutalities of the guards But dominating all the thoughts and fears was 
the dread death by gassing or burning The extermination verdict was entered m 
the camp books under the euphemistic term of ‘transfer for special treatment’ ’ ’ 

(3) The Belsen Camp, 1945 — Belsen was a detention camp, not an 
extermination camp, % e the prisoners there were allowed to die but were not 
usually killed The diet was always inadequate, but in the winter of 1944-45 
it became grossly deficient Lipscomb 2 described what he found when the 
camp was taken over by the British Army m April 1945 At this time the 
camp was estimated to contain about 50,000 people, with some 10,000 lying 
dead in the huts and around the camp “ The most conspicuous psychological 
abnormahty was a degradation of moral standards characterized by increasing 
selfishness, and it was more or less proportional to the degree of under- 
nutrition In the first stage consideration for others was limited to personal 
friends, then the circle contracted to child or parent, and finally only the 
instinct to survive remained Emotional response became progressively 
lowered and consciousness of sex was lost Eventually all self-respect dis- 
appeared and the only interest left was to obtain something which could be 
eaten, even human flesh Even among those not grossly undernourished 
there was a blunted sensitivity to scenes of cruelty and death ” 

Cases with mental disorders were surprisingly few m view of the harrowing 
experiences, the physical suffering, and the fear of hunger, torture, and death 
to which the internees were exposed 3 

1 The quotation is from the monograph by Keys et al , Biology of Human Starvation, 1950 

2 Lipscomb, Lancet, 1945, u, 313 

3 But semi starvation may occur even m England The following is an extract from 
Howard’s description (quoted from Keys’ monograph) of the results of hunger in London 
during the winter of 1837-38 when unemployment was general “ The first indications 
of a deficiency of food are languor, exhaustion, and general debility, with a distressing 
feehng of faintness and sinking at the pnecordia, chilliness, vertigo, and a tendency to 
syncope, unsteadiness of movements, the voice weak and tremulous Mental powers 
exhibit a languor and dullness proportionate to the degiee of physical debility The 
sufferer is listless and depressed and often manifests a remarkable apathy to Ins condition 
In more advanced cases “ the feehng of prostration becomes quite overpowering, and 
the exhaustion and muscular weakness so great, that the erect posture can, with diffi 
culty, be maintained The depression of all the vital and mental powers is fearfully 
augmented Dizziness, transient dimness of vision, staggering, and syncope are common 
and very apt to be produced by the erect posture Notwithstanding general languor, 
however, the patient sometimes manifests a highly nervous state , he is startled by any 
sudden voice and worried by most trifling occurrences ” The findings are almost identical 
with those of the Minnesota experiment and are evidence of the severity of the starvation 



PROTEIN REQUIREMENTS 


105] 


4 Complete Starvation — See p 900 

Composition of Foodstuffs — Before dealing with the proportion of 
protein, fat, and carbohydrate that should be employed, the composition of 
the common foodstuffs must be surveyed (see Tables, pp 1052-1054) 

Constitution of Normal Diet — The constitution of an average normal 
British diet is usually given as follows Protein, 100 g (410 Cal ) , fat, 
100 g (930 Cal ) , carbohydrate, 400 g (1640 Cal ) Total calones= about 3000 

1 Protein — Protein is an indispensable constituent of the diet because 
it is the only source of the ammo-acids including the essential amino-acids 
which cannot be synthesized in the body, (p 881) Amino-acids are needed 
to build up new tissue during the period of growth or pregnancv and to provide 
the milk proteins during lactation They are necessary to maintain the 
structure of every tissue cell including its content of protein-containing 
enzyme systems , to provide the raw materials for the manufacture of certain 
external secretions (digestive enzymes of alimentaiy canal) and internal 
secretions ( e g those of the anterior pituitary, thyroid, adrenal medulla) , 
and to maintain the normal concentrations of plasma proteins and haemo- 
globin As explained on p 879, there is normally a dynamic equilibrium 
between the ammo-acids derived from the food and those derived from the 
breakdown of the tissues, and also between the ammo-acids derived from 
one tissue and those derived from another But m the course of this endless 
flux some ammo-acids are broken down irreversibly and their nitrogen content 
is excreted m the urine mainly as urea The minimum protein intake in 
the adult must contain enough of each essential ammo-acid to make good this 
steady loss The individual proteins of animal tissues generally closely 
resemble those of human tissues in their ammo-acid composition , they can 
consequently be employed more economically for repair and growth , those 
with such a composition are called proteins of high biological value The 
individual proteins of vegetable foods frequently have a very di fferent type of 
ammo-acid pattern and so cannot be so economically built up into human 
tissues , such proteins are said to be of low biological value But it must 
be pointed out that this discussion is quite academic , we do not eat individual 
animal or individual vegetable proteins , we eat foodstuffs, e g meat, potato, 
bread, egg, milk, all of which consist of a mixture of several proteins The 
important thing to find out is what is the ammo-acid composition and the 
biological value of the protein mixture m a single foodstuff or more important 
still m the mixture of foodstuffs found m typical human diets (cf Fig 563, 
p 881 , Fig 578, p 903) 

There are two ways (apart from chemical analysis) of testing the biological 
value of an individual protein ( 1 ) to see whether it can maintain satisfactory 
growth and health when it is the sole source of protein supplied , ( 11 ) to 
determine the mimmum amount of the protein which must be added to a 
diet adequate m other respects to maintain nitrogenous equilibrium Similar 
determinations can be carried out on a mixture of proteins, a foodstuff or a 
mixture of foodstuffs Using these criteria, certain isolated plant proteins, 
such as gliadm or zem, are very madequate , the proteins of flour made 
from wheat endosperm are not satisfactory (p 1058) , on the other 
hand, the mixed proteins of wheat or maize as found m high extraction 
flour, by compensating for one another’s deficiences or quantitative peculiari- 
ties, maintain nitrogenous equilibrium at a fairly low level, particularly if 
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they are supplemented by small quantities of other proteins such as those of 
milk or meat In any mixed diet, even if wholly of plant origin, the pi oleins 
are sure to be sufficiently varied to compensate for any individual inadequacies 
m ammo-acid content, if only the total amount of piotem is sufficient The 
recommendation for adults is that the protein intake should not be less than 

1 g per kg body weight, some of it m the form of ammal protein In the 
British Rationing System a mmimum intake of 30 g of animal protein 
daily was guaranteed Pregnant and lactatmg women need more, eg 1 5 to 

2 g per kg of total protein and (for safety) a larger amount of animal protein 
(p 1059) 

Nitrogenous equibbnum and unimpaired health and mental and physical 
vigour have been maintained for many months on diets which contained 
no more than 30-50 g protein daily But the proteins were specially selected 
and were of high biological value and the experiments were carried out on 
a very small number of subjects for too short a period In some experiments 
nitrogenous equilibrium was maintained on 30-40 g of protein derived 
exclusively from vegetable sources (cereals, potatoes, and other vegetables 
and fruit) To provide a margin of safety a minimum of 80 g of protem 
should be provided in the form of a vaned diet Bayliss said, “Take care 
of the calories and the proteins will take care of themselves,” because if 
dietaries are studied it is found that when the calorie value of a mixed diet 
is adequate it generally contains 100 g of protem or even more 1 

2 Fat 2 The amount of fat consumed varies with the country, economic 
status, occupation, and the general circumstances The maximum fat 
content of the really native diets m Japan before the second world war was 
thought to be about 30 g which was then the European minimum The 
amount of fat eaten increases steadily with the income (m an uncontrolled 
economy) , the Inter-Allied Food Commission adopted 57 g daily as the 
minimum fat ration during the first world war 

Experiments of short duration have been carried out m which health and 
weight were maintained on diets of high total calorie value containing as httle 
as 10-14 g of fat daily Although the body can adapt itself to partial or 
even complete deprivation of fat for short periods, deleterious effects may 
become apparent after months or years 

The significance of fat m the diet depends on several factors Firstly, it 
is almost completely absorbed from the alimentary canal The bulk of the 
food becomes of importance when the total energy requirements of the body 
are very large Weight for weight, fat has double the calorie value of starch 
or sugar Fat, m addition, is taken without admixture m a pure form, 

1 Proteins of high and low biological value are sometimes called “ first cla^s ” and 
“ second class ” proteins respectively As the best known individual protems of Ion 
biological value are derived from vegetable foods there has been a regrettable tendency 
to equate the terms “ first ” and “ second ” class generally with animal and vegetable 
protems respectively Such misuse of the terms should be strenuously avoided Before 
vegetable protems in general are dismissed as second class it should be remembered that 
many animals build up their muscles (i e meat) from the proteins of the humble grass 
Nebuchadnezzar lived for a time on grass and so it is claimed liai e exceptional individuals 
since his time Many people who have been accustomed to a diet rich in ammal food 
feel unhappy without it and their efficiency as workers may fall off as a result , but it is 
h ird to assess the relative importance of physiological and psychological factors m such 
cases 

s Anderson and Williams Physiol Rev , 1937, 17, 33 
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whereas the other foods are all mixed with a considerable proportion of water , 
when starch is cooked it is swollen up with five to ten times its volume of 
water As has been pointed out, the Swedish and American lumbermen and 
the Welsh miners obtain a large part of their huge calorie intake from fat 
Carbohydrates are more subject to fermentative changes in the intestine, with 
the production of gases and general discomfort It is advisable that the 
normal diet of 3000 Cal should contain at least 75 g of fat (700 Cal ) , the fat 
content of the diet should always be raised when there is a large increase m 
the energy expenditure of the body, either m the form of work or because of 
exposure to cold 

The animal fats are the most important sources of some of the vitamins, 
i e -A and -D (pp 1021, 1009) The vegetable fats are an equally effective 
source of energy, but are deficient m vitamins, except -E (p 1086) When 
butter is rationed it is essential from the point of view of the health of the 
community that margarine should have vitamins -A and -D added to make 
it equivalent to butter in its vitamin content This has been enforced in 
Great Britain Adequately vitaminized margarine (made from vegetable oils) 
is equal dietetically m all respects to butter, and is generally much cheaper 

3 Carbohydrates furnish more than 50% of the energy content of 
most diets, and are a cheap and readily obtamed food If the amount of 
carbohydrate ingested is greatly reduced in amount ketosis may develop 
(p 875) As both carbohydrate and fat serve chiefly as sources of energy, 
they can replace one another to a considerable extent, so long as precautions 
are taken to ensure the minimum amounts of fat specified above 1 

4 The mineral constituents of the human body amount to 4 3-4 4% 2 

(l) The only salt commonly consumed as such is sodium chloride , it is 
also present m small amounts in the food, particularly m milk and m vege- 
tables The minimum requirements are 1-2 g of NaCl daily , while custom 
varies considerably, the average intake is about 8-10 g The effects of NaCl 
deficiency are considered on p 64 

(u) 0 9-1 g of calcium is needed daily , the minimum necessary for the 
maintenance of a calcium balance isO 63 g of calcium per 70kg of body weight 
A sufficient calcium supply is very important, especially m children, and is 
best obtained by the ingestion of liberal quantities of milk and “ fortified ” 
bread (cf pp 997 et seq ) 

(m) 0 88 g of phosphate is the minimum needed per 70 kg body weight, 
but there is no risk of phosphorus shortage m a diet yielding 3000 Cal daily 
unless large amounts of white flour are consumed as the principal cereal 
(See pp 1001 et seq for mam sources of phosphorus ) 

(iv) The daily intake of iron should not be less than 12 mg , an amount 
which should be increased in pregnancy and m lactation (cf pp 204, 1059 et 
seq ) The role of copper is considered on p 213 

(v) Iodine m minute traces is essential for the formation of thyroxine, 
the active principal of the thyroid gland In districts m which the iodine 
supphes m the dr inkin g water are insufficient, simple goitre frequently 
develops This may be prevented, or the condition may be cured, by the 
use of iodized table salt, or by the deliberate addition of iodine to the water 
supply (p 987) 

1 For relative value of white and brown sugar, see Cole, Brit med J , 1939, n, 340 
* Shohl, Mineral Metabolism, American Chemical Society, 1939 
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Notes — 1 The sign — means no data gn en 

2 Canadian (Manitoba) wheat contains 13 b g-% of protein 

3 The aleurone has the same composition as the outer endosperm 

4 The germ is rich m a itanmn-22 


Effects of Varying Extraction Rate — ( 1 ) When wheat is milled 
varying proportions of the gram are retamed With 100% extraction the 
entire gram is ground to flour , with 85% extraction most of the bran is 
rejected but most of the germ is retained , with 70% extraction all the 
bian and germ is lost and the flour is derived from the inner endosperm alone 

(a) Seventy per cent extraction flour is white, 80% is off-wlnte, 85% is 
a shade darker, 100% is brown 

(m) Bran contains 20% and the germ 4. 5% of the total gram proteins 
The germ proteins are as valuable nutritionally as the proteins of milk The 
proteins of the inner endosperm constitute 75% of the total gram proteins 
but they contain a less well-balanced and incomplete mixture of ammo- 
acids The mixed proteins of the whole gram have a high biological value 
as the mam endosperm deficiencies are compensated for by the proteins of 
bran and germ 

(iv) The minerals (Ca, P), the vitamm-R complex (aneurin, riboflavin, 
nicotinic acid) and vitamm-i? are mainly concentrated m the bran and germ, 
as is the phytic acid (see Fig 656) 

It is now possible to compare the relative merits of different extraction 
rates Eighty-five per cent flour compared with 70% flour is slightly darker, 
keeps less well, and goes mouldy more readily , its phytic acid content is 
higher leading to formation of insoluble Ca phytate and loss of food Ca , 
its fibre content is higher , these are the disadvantages On the other hand 
85% flour has a higher content of proteins of superior biological value and 
its content of Ca, Fe, vitamm-2? complex, vitamin-# (and possibly other 
unknown trace substances) is higher , to compensate for its phytic acid 
it contams more of the enzyme phytase which hydrolyzes phytic acid while 
the dough is being made and rising , the harmful effect of the phytic acid 
can be safely annulled by fortifying the flour with added Ca m the form of 
CaC0 3 , the colour is a matter of conditioning (people can be persuaded 
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to like what they get) British experts in nutrition have strongly advised that 
the standard flour produced should be 85% extraction and that millers should 
not be allowed to levert to the physiologically inferior pre-war 70% flour 1 


Nutritional Needs of Pregnancy 
and Lactation — The body of a 
baby (weighing 7 lbs ) at birth contains 
about 500 g of protein, 30 g of Ca, 
14 g of P, and 0 4 of Fe , over two- 
thirds of this is laid down in the last 
3 months and one-third m the last 
month of pregnancy In addition the 
mother lays down new protein in the 
growing uterus, breasts, and other 
tissues (perhaps another 500 g ) The 
basal metabolism of the mother at the 
end of pregnancy has increased by 25% 
or by about 350 Cal daily After birth 
the baby doubles m weight from 7 to 
14 lb at 3 months and increases to 
21 lb at 1 year, each 71b represents 
an amount of new tissue equal to that 
formed throughout pregnancy 100 c c 
of human milk contain 1 2 g of protein 
and 0 03 g of calcium, and yield 54 Cal 
At one month after delivery the mother 
must supply the baby with 7 g of pro- 
tein, 0 18 g of Ca and 300 Cal daily , at 
6 months these amounts have risen 
to 9 5 g of protein, 0 25 g of Ca, and 
450 Cal daily The milk proteins 
(lactalbumin and caseinogen) have a 
specific ammo-acid constitution and 
can only be formed if all the necessary 
ammo-acids are supplied m the food m 
sufficient amounts , the same apphes to 
the new tissues formed by mother and 
child during pregnancy It is clear that 
the pregnant and lactatmg woman 
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Fig 656 — Effect of Kate of Extraction on 
Composition of Flour Canadian and 
English Flour Compared (McCance, 
Lancet, 1946, i, 79 ) 


1 Agene Poisoning — Flour is commonly bleached by millers with NC1 3 (the agene 
process) to improve its colour and baking qualities When biscuits made from such 
flour forms the mam constituent of the diet of dogs they develop “ canine listeria ” 
in a severe attack the animal sits first m a sphinx like attitude , its head then starts 
jerking and the movements spread throughout the body Next it starts runmng round 
its cage, sometimes barking furiously and cither dashes into the walls without apparently 
seeing them or attempts to jump up them It may' then stop runnmg and stagger round 
as though m a drunken state and gradually recover or else develop an epileptiform fit 
Experiments have shown that agene interacts with the proteins of flour (gliadea and 
glutehn) to form a toxic substance which is derived from methionine 

The use of agene has been banned in the USA and Canada Its place as an 
“ improver ” is being taken by chlorine dioxide, which m concentrations far greater than 
those used commercially produces no harmful effects m dogs or other animals (Mellanbi , 
Bnt med J , 1946, n, 885 , 1947, u, 288 ) 
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needs a substantially increased protein intake, a considerable part of which 
should be of animal origin The recommendations are for the last 3 months 
of pregnancy a minimum of 1 5 g of protein per kg ( i e an extra 30 g ) daily; 
during lactation the allowance should be higher, up to 2 g of protein per kg 
The total caloric requirements are also increased to the extent indicated 
Calcium requirements are discussed on p 1000, vitamin-i) on p 1010 and 
iron on p 205 

The vitamin content of mother’s milk (and cow’s milk) depends on the 
maternal diet A good specimen of human milk contains, per 100 c c 
vitamm-A, 300 l u , thiamine, 10 l u , -C, up to 6 mg (three times that of 
cow’s milk) , and -D, 10 l u It is advisable to supplement both the vitamin 
■O and -D intake of the baby and the -D intake of the mother (p 1064) 
Great stress must be placed on the importance of milk as a “ protective 
food ” especially for children and expectant or nursing mothers, who should 
drmk at least 1 pint daily It is the only naturally balanced food con- 
taining nearly 20 g of first-class proteins per pint, minerals (especially 
calcium and phosphate), all the vitamins (especially -A and -D), and fat 
Mellanby 1 has made the following recommendations for a diet during 
pregnancy Milk, 1-2 pmts , green vegetables and an egg once or twice 
daily , sea fish (for iodine content) every other day , calf’s liver once weekly 
If the diet is deficient it should be supplemented with 2 ounces of cod-liver 
oil daily The rest of the diet can be within reason whatever the woman likes 
It should never be forgotten that a pregnant woman has to provide m her 
diet for the full requirements of the growing foetus The future of the child 
depends to a great extent on the adequacy or otherwise of the maternal diet during 
pregnancy and lactation 

British Rationing System 2 — The British food rationing system which 
was operated during and after the last war is a brilliant example of the 
application of our knowledge of the physiology of nutrition to the interests 
of a community faced with food scarcity Underlying the rationing system 
there was also a moral principle which might well be adopted by all civilized 
peoples that every member of the community must have enough before 
anyone may have more The rationing system ensured that in spite of war- 
time scarcities the underprivileged 20% of the British people who before the 
war did not get enough to eat were also properly fed Particular attention 
was paid to the requirements of special classes like children, pregnant and 
lactating women, and heavy manual labourers It is the view of the British 
Ministry of Health that “ the national provision of milk and vitamin supple- 
ments to the priority groups has probably done more than any other single 
factor to promote the health of expectant mothers and young children during 
the war ” Between 1938 and 1947 the infant mortality rate per 1000 live 
births fell m England and Wales from 53 to 11 and m Scotland from 70 to 56 , 
the corresponding figures for 1950 were 30 and 39 

The rationing system as it was enforced' towards the end of the war is 
described belowin some detail After the w a r, as food became more plentiful, an 
increasing number of foodstuffs were freed fromcontrol In these uncertain times 
one never knows when the rationing system m.i y have to be extended once more 

1 The advice was given before the outbreak of the second world war, the advice is 

still good if not always or everywhere practicable , 0 .» 

2 Drummond, Nutritional Requirements of Man m Light of War time Experience, 

(Roy Inst Chem Lecture) 
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In Britain the foodstuffs were divided into ( 1 ) rationed (the maximum 
amounts of which were fixed , (u) regulated (controlled by more flexible 
orders) , (in) pointed (to each of a number of foods was assigned a point value, 
and the total number of points per head fixed for a given period) , (iv) pnce fixed 
(as were (i), (u), and (m)) , and (v) uncontrolled (bought by arrangement between 
buyer and seller) A child over 5 years counted as an adult , younger children 
got smaller rations but were granted other privileges Food could, m addition, 
be obtamed in schools, canteens, and restaurants without surrender of coupons 
Rationed and Regulated Foods — The table on p 1062 sets out full 
details of the 1944 arrangements for rationed and regulated foods They 
provided daily about 30 g of animal protein (which is probably an adequate 
total intake of first-class protein of high biological value), 60 g of fat, half 
the necessary calcium and vitamin- A , and yielded nearly 1000 Cal , these 
foods are however almost devoid of iron and vitamm-C, and are very in- 
adequate m thiamine and riboflavin content The price of the rationed foods 
was kept very low by means of heavy subsidies 

Food on Points — The point system is an ingenious device for controlling 
the distribution of certain classes of food which are available in insufficient 
amounts The classes of food so controlled were (i) most canned fish and 
all canned meat (u) dried and canned peas , beans and lentils , (m) sweet 
biscuits , (vi) rice, sago, and tapioca , (vu) syrup , (vm) canned fruit 
A certain number of pomts were allotted per bead per month The pointed 
foods enabled certain inadequacies m the diet to be dealt with , they provided 
a choice of animal proteins, concentrated vegetable proteinB, certain vitamins 
and, what is perhaps equally important, they permitted of some variety m the 
diet Each person could exercise his own discretion in the use of his points 
By raising or lowering the point value of any article of food the demand could 
be adjusted to the supply available at the time without manipulating prices 
and so hitting the poorer consumer An unpopular food could be kept at a 
low point value initially to encourage trial usage , when a public taste for 
it had been estabhshed the point value could be raised 

Supply of Calories — About 1000 Cal daily were supplied by the rationed 
foods The consumption of these and certain other foods was of necessity 
greatly reduced below pre-war levels 

The rationed food and the foods obtamed on points provided in all about 
1300 Cal , leaving 1700 Cal still to be found to make up the necessary 3000 Cal 
daily , these calories came predominantly from bread and flour and potatoes 
The pre-war consumption of bread and flour was 66 oz per head per week , 
during the war it rose to 72 oz or more Pre-war bread and flour supplied 
about 800 Cal per day , it now provided about 900 Cal The pre-war a\ erage 
potato consumption was 9 oz per head per day, yielding 210 Cal , the war- 
time consumption rose by one-third to 12 oz , yielding 280 Cal 

The total daily calorie intake from the above-mentioned sources was about 
2300 Cal 

Rationed food 950 Cal 

Pointed foods 200 ,, 

Bread and flour 900 „ 

Potatoes 2S0 ,, 

2330 Cal 


Total 
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NUTRITIONAL VALUE OF RATIONS 1063 

As no allowance has been made above for miscellaneous purchases of un- 
rationed food, vegetables, or extra milk, it is probable that the requirements 
of the sedentary worker were reasonably well covered Heavy manual 
workers had to eat larger amounts of bread and potatoes and were m difficulties 
as they were unable to get the extra fat upon which they normally relied 
Canteens were estabhshed m connection with most factories, which received 
additional supphes of rationed food , special preference was given to heavy 
workers who were thus given significantly larger rations Cheap eating houses, 
so-called British Restaurants, and expensive hotels, enabled those who had 
the money, time, or opportunity to obtain meals away from home, and enabled 
large additional sections of the population to supplement their diet to a 
variable extent The housewife who had to get all her meals at home and 
often sacrificed her own rations to feed the rest of her family and who was 
often the hardest worked and most worried and frustrated member of the 
family was among the principal sufferers 

Proteins — The rations (per day) supphed 30 g of animal protein , bread 
and potatoes provided about 30 g of vegetable protein There was no 
difficulty in attaining or exceeding the 70 g minimum 

Fat — The rations supphed 60 g daily, so minimal needs were fully 
covered 

Carbohydrate — The intake need only be considered from the standpoint 
of total calories 

Vitamins and Minerals — The key substances outside the rationed and 
pointed foods were bread, green vegetables, carrots, and potatoes 

Bread — As explained on p 1058, 85% extraction flour waB used with its 
better content of proteins, iron and the vitamin-# group Its calcium was 
less available for absorption owing to the larger phytic acid content of the 
flour which leads to precipitation of insoluble non-absorbable Ca phytate , 
but as the flour was fortified with CaC0 3 (60 g of Ca per 100 g of flour) (which 
spoils neither the taste nor the colour) the available Ca of “ wheatmeal ” was 
increased to 80 mg per 100 g 

Vegetables — The consumption of green vegetables, potatoes and carrots 
increased greatly, providing additional supphes of vitamin-^ and -C 

Vitamin- A — 1000-2000 l u daily were supphed by the rations 250 g of 
green vegetables give 2500 i u and 10 g of carrots another 400 i u The 
standard 4000 i u was easily covered 

Thiamine — The rations supphed daily 150 i u , 10 oz daily of wheatmeal 
bread (say 300 g ) contain 150 l u , potatoes and vegetables at pre-war level 
yield 120 l u The minimum of 400 l u was thus easily exceeded 

Rest of -B Complex — The low meat ration greatly reduced the riboflavin 
and nicotinic acid intake , this was compensated to some extent by the wheat- 
meal bread , there was also a gam m riboflavin from the raised consumption 
of vegetables 

Vitamm-C — The rationed foods were devoid of -C Pre-war, the average 
intake was 60 mg daily provided mainly m equal thirds by potatoes, fruit, 
and green vegetables , the absence of fruit was compensated for to some 
extent by the increased intake of green vegetables Probably 30 mg of 
vitamin-C daily are adequate for normal health (p 1042) 

Vttamm-D — Some additional -D was provided by the pointed (and also 
the uncontrolled) fat fish , e g 2 lb of herring per month (=12?pomts) gave an 
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extra 180 iu of -D per day and thus made up (with 80 1 u m the rationed 
food) the -D needs 

Calcium — The rationed foods provided 0 5 g , 300 g of “ wheatmeal ” 
contain 0 25 g of available calcium , the minimal needs were thus covered 

Iron — The iron intake was possibly deficient for women during the 
reproductive period , any shortage could easily and cheaply be made good by 
taking medicinal iron salts 1 

Rations tor Special Groups — “Juniors” (aged 5-16 years) received 
the full adult rations and a priority supply of milk (3} pints weekly) As 
about £ pint of milk daily was also supplied free at school, the total milk, 
available was 5 pints weekly Good cheap dinners were and are provided in 
an increasing number of schools Children under 5 years of age also received 
adult rations (only a half-ration of meat and no tea), 7 pints of milk weekly 
at less than one-third the current prices, extra eggs, and extra orange juice 
and cod-liver oil Pregnant and lactating women received their adult ration 
and in addition the rations allotted to a young child They thus received, 
generally speaking, double rations (except meat and tea), 7 pints of milk, 
and some eggs above the adult ration Pregnant and lactating women 
also received extra orange juice and vitamins-/! and -D in cod-liver oil 
or m tablet form (each tablet contained 4000 i u of vitamin-/!, 800 i u of 
vitamm-D, 250 mg of calcium phosphate and 0 13 g of potassium iodide) 

1 Suggestions were made during the last war to add iron salts to the flour, which uas 
already bemg fortified with chalk But fears that the resulting bread might be called 
ferro concrete prevented tho adoption of this otherwise (nutritionally) admirable proposal 
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REPRODUCTION AND ITS ENDOCRINE CONTROL 

STRUCTURE AND FUNCTIONS OF THE OVARY 1 

The Ovarian Cycle (Fig 657) — (1) Primordial Follicles — During 
foetal life the surface of the ovary is covered by a layer of small cubical cells, 
the germinal epithelium These cells multiply and grow down into the 
substance of the ovary , some cells enlarge and differentiate to become ova, 
and become surrounded by a single layer of cells forming the membrana 
granulosa , each ovum, plus its surrounding membrana granulosa, is called 
a primordial follicle It is asserted that the ovary of a newborn baby girl 
may contain 30,000-300,000 ova It is uncertain whether fresh ova are 
budded off from the surface epithelium after birth Before puberty many of 
the primordial follicles enlarge because of proliferation of the surrounding 
granulosa cells , but the whole structure subsequently degenerates, dies, and 
is absorbed by phagocytic cells (This process is called follicular atresia) 


RETROGRESSING GROWING 

CORPUS LUTEUM FOLLICLE 



1 Marshall, Physiology of Reproduction, London, 2nd edn , 1922 Parkes, Internal 
Secretions of Ovary, London, 1929 Robson, Recent Advances m Sex Physiology, London, 
3rd edn , 1947 Allen (editor), Sex and Internal Secretions, Baltimore, 2nd edn , 1939 
Pmcus and Thimann, The Hormones, N Y , 1948, 1 , 1950, 2 Symposium, “ Physio 
logical and Psychological Factors m Sex Behaviour,” Ann N 7 Acad Sc t , 1947, 47 
603-664 
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At puberty the ovary contains tens or hundreds of thousands of these 
immature primordial follicles , of these only a few hundred will mature 
and give rise to the ova which are discharged from the ovary monthly during 
thirty or more years of active reproductive life , there has thus been a vast 
overproduction of ova m relation to adult needs 

(2) Graafian Follicles —At puberty full follicular growth sets m 
Towards the end of a menstrual period one primordial folhcle rapidly develops 
The ovum enlarges and becomes surrounded by a thick tough membrane, the 
zona pellucida , the granulosa proliferates to form many layers of small cells 
Fluid then appears in these cells, first as droplets, which coalesce to form a 
cavity containing the liquor folliculi The liquor separates the granulosa 
into two layers (1) a thin layer which lines the inner surface of the folhcle , 
(n) cells which surround the ovum and which form a mass ( cumulus , discus 
prohgerus) at one pole thus attaching the ovum to the margin of the follicle 
The mesenchyme external to the Graafian folhcle differentiates to form a 
thin theca interna (of small deeply staining cells) supported by an outer 
vascular layer 

(3) Ovulation — More fluid exudes into the follicle, and the pressure 
within it rises The ovarian substance which separates it from the surface 
necroses and gives way, and the folhcle ruptures This process is known as 
ovulation The ovum is loosened, floats freely in the liquor, escapes into the 
peritoneum and enters the Fallopian tube Ovulation usually occurs between 
the thirteenth to seventeenth day after the first day of the menstrual period 
m women but may occur earher or later This has been shown by direct 
inspection of the ovaries at operation and by the recovery of ova from the 
Fallopian tubes By the time of ovulation the ovum has undergone its 
reduction division which halves its chromosome number 

Time of Ovulation — An accurate knowledge of the time of ovulation m 
women is not of academic interest only It is not known for certain how 
long an ovum survives after discharge from the ovary or how long the sperms 
can hve after being introduced into the vagma , the evidence suggests 
that in neither case are they functionally active after an interval of several 
days For pregnancy to occur it is therefore necessary that coitus should 
take place within a few days either side of ovulation, which is presumably 
the time of maximum fertihty Coitus at other times would tend to be sterile, 
and it is "suggested that the rest of the menstrual cycle constitutes a more or 
less “ safe period,” i e pregnancy is unlikely to occur even if no other methods 
of “ birth control ” are employed This method will, however, fail m its 
purpose if ovulation m any month is premature or delayed, and such variations 
occur frequently There is evidence that ovulation may occur even during 
the latter part of the menstrual period 

Fallopian Tube — The ovum is wafted along the Fallopian tube towards 
the uterine cavity partly by the lining ciliated epithehum (which is tallest at 
the time of ovulation) and partly by contraction of the muscular wall This 
transfer of the ovum from ovary to tube is much facihtated by the slow sweep- 
ing movements of the infundibulum over the surface of the ovary , these are 
greatest in this phase of the cycle The activity of the tube is influence 
by hormones , its motility is increased by oestradiol and depressed by 

progesterone , 

(1) Corpus Luteum — At ovulation the lining membrane of the tolucic 
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collapses into a folded layer The blood vessels of the surrounding vascular 
layer leak and blood extravasates into the cavity of the folhcle and coagulates, 
forming the corpus hcemorrhagicum The membrana granulosa proliferates 
and differentiates to give rise to large pointed epithehal cells containing large 
nuclei and yellow pigment (lutein) These cells, accompamed by small blood 
vessels and thecal connective tissue elements grow into and replace the 
blood clot, for min g the corpus luteum It matures at about the nineteenth day, 
and if pregnancy does not occur it persists till ]ust before the onset of the 
next menstrual period, when it begins to degenerate Degeneration is com- 
pleted during the menstrual period the connective tissue cells form collagen 
fibres which obliterate the blood vessels , the corpus luteum loses its pigment, 
shrinks, and is finally replaced by an avascular scar The duration of activity 
of the corpus luteum of menstruation is fairly constantly 12-14 days, unhke ' 
the period of folhcular growth and ovulation which is extremely variable 
If pregnancy occurs the corpus luteum continues to grow for several months, 
attains a large size and begins to degenerate at about the sixth month 

The control of the ovarian cycle by the anterior pituitary gonadotrophins, 
i e follicle-stimulating hormone (FSH), luteinizing hormone (LH), and 
prolactm (luteotrophm) is considered on p 1083 

Interstitial Cells — There are none m the adult human ovary When 
well developed, e g m the rabbit, they consist of typical epithehal cells, 
without ducts, and with an abundant blood supply The cells arc polyhedral 
in shape, and contain numerous granules, chiefly of a lipide nature, which may 
represent their secretory product They are not found at all in about half the 
species which have been examined Little is known about their functions 
(cf p 1104) 

The changes in the ovary at the menopause are described on p 1069 

Functions of the Ovary — In addition to its essential function of 
discharging ova (p 1066), the ovary secretes two hormones (i) an oestrus- 
producing ( oestrogenic ) substance called cestradiol, formed perhaps by the 
folhcular tissue , (u) progesterone formed by the corpus luteum By means 
of these two hormones the ovary regulates the activities and nutrition of 
the rest of the reproductive organs It is responsible for the following 
changes 

(i) The growth and development of the uterus, Fallopian tubes, and vagina 
at puberty 

(u) The oestrus cycle in lower mammals (p 1074) and the changes of the 
menstrual cycle in women (and apes and monkeys) 

(in) The appearance and, m some cases, the persistence of the secondary 
sexual characters 

(iv) Certain of the bodily changes that take place during pre /nancy, 
especially the embedding of the ovum m the uterus and the development of 
the placenta 

(v) Some of the changes which take place in the mammary glands 
(p 1092) 

Puberty — This is the period during which the ovary and the accessory 
reproductive organs (e g uterus, vagina, breasts) begin to grow and develop 
and secondary sexual characters begin to appear These processes begin at 
the age of 10-14 years Puberty is regarded as ending with the occurrence 
of the first menstrual period, usually at 13-15 years, the range being 10-15 
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years The mam changes that take place at puberty are summarized below 

( 1 ) Complete ovarian cycles occur characterized by ovulation and corpus 
luteum formation The onset and recurrence of the ovarian cycle is due to 
the action of the gonadotrophic hormones of the anterior pituitary -which 
begin to be secreted at this time The factors initiating anterior pituitary 
activity are unknown 

(n) The uterus and vagina enlarge , the growth curve of the reproductive 
organs is shown m Fig 600, D The muscle fibres of the uterus increase in 
number and size , the mucous membrane thickens and the gland alveoh 
become larger The pubertal changes m the uterus and vagina can be 
produced experimentally in immature animals by injection of cestrogens 

(m) The breasts begin to appear as a result of outgrowths 'Sf^ucts from 
the nipple area, and an increase in the amount of fat, connective tissue and 
blood vessels Such changes as occur before the onset of ovulation are due 
entirely to oestrogen, during adolescence, owing to the action of both 
oestrogen and progestin, glandular alveoli appear and progressively increase 
m size and numbers with each ovarian cycle (cf p 101) 2) 

(iv) The secondary sexual characters develop , these include the female 
distribution of fat, giving the characteristic curves to the body, and the 
appearance of hair in the axilla and on the pubes (in the latter region the 
upper hair margin is concave upwards) 

(v) Important psychological changes take place as the girl matures 
mentally and emotionally through adolescence to young womanhood 

Extirpation of Ovary — (1) Before Puberty — Little is known about 
the results of extirpation of the ovary before puberty in girls Probably 
puberty does not set m, the menstrual flow does not appear, and the secondary 
sex characters do not develop It is obvious that the presence of the ovary 
is essential for the onset of puberty, though indirectly the anterior pitmtary 
is the dominant factor (p 1083) 

(2) In Adults — Following extirpation of the ovary in adults, there is 
atrophy of the whole genital apparatus — the uterus, the vagina, and the 
external gemtal structures Menstruation ceases permanently Vasomotor 
changes are common, e g flushing of the skin of the face, neck, and upper 
chest (“ hot flushes ”), sweating and a feehng of suffocation The effects 
on the breasts are variable they may increase m size, owing to local accumu- 
lation of fat, or they may shrink because the glandular tissue atrophies 
Obesity develops from diffuse deposition of fat Conflicting reports are given 
concerning the effect on sexual desire, but it is often unaffected , thus in 
women as in men, though sexual desire is modified by sex hormones it may 
m large measure be independent of them and be determined by nervous 
(z e emotional and mental) factors It is also quite certain that sexual desire 
may persist, sometimes to a heightened degree, m women after ovarian 
atrophy at the menopause Complete ovariectomy may result m considerable 
emotional disturbance, varying from a certain amount of irritability or 
depression to a condition closely alhed to insamty (cf the results of castration 
in the male, p 1108) 

Menopause — The menopause (chmactenc) is the period of life when 
menstruation naturally ceases and other phenomena identical with those 
just described make their appearance It usually occurs between the ages 
of forty-five and fifty, although it may set in earlier or later The condition 
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is associated with marked changes in the ovaries they become smaller, the 
Graafian folhcles disappear and are replaced by fibrous tissue , ova, corpora 
lutea, and the internal secretions of the ovary are no longer formed These 
ovarian changes are not due to lack of anterior pituitary hormones, but to a 
“ senile ” change 1 m the ovary itself which no longer reacts to the hormones 
which normally stimulate it 

Ovarian Grafts — When the ovaries are grafted into ovanectomized 
women, they may function for a time, usually for about twelve months 
During this period they remain normal m structure, and undergo cychc 
ovulation Degeneration then sets in, affecting first the corpora lutea and 
later the folhcles which become cystic While the grafts function, normal 
cyclical changes take place m the other organs of reproduction (e g the 
uteius) These experiments prove conclusively that the ovary forms one or 
more internal secretions 


THE HUMAN MENSTRUAL CYCLE 

Structure of Uterus — The body of the uterus consists of the following 
layers from without inwards 

( I ) Serous coat 

( II ) Thick muscular coat supphed by sympathetic nerve fibres 

(in) Mucous membrane or endometrium which undergoes characteristic 


changes during the menstrual 
cycle 

Two kinds of blood vessels 
enter the endometrium from the 
deeper layers 

( 1 ) Spiral arterioles which 
take a very tortuous course to 
the surface to break up into 
capillaries which supply the 
superficial third of the mucosa 
(n) Straight arterioles which 
r un for only a short distance to 
supply the basal two-thirds of 
the mucosa (Fig 658) 

Stages of Menstrual 
Cycle 2 (Figs 65T 660) — 

(1) Proliferative Stage — 
When the damage resulting 
from the menstrual penod has 
been fully repaired (e g on 
about the fifth or sixth day) 
the proliferative phase begins 
The endometrium is initially 
thm (e g under 2 mm ) and 



GLANDS SPIRAL BASAL GLANDS 

ARTERIES ARTERIES 

Fig CIS — Blood Vessels of Ltenne Mucous 
Membrane (After Corner, Hormones in 
Human Reproduction, Pnnceton, 1940 ) 
Note — ( i) Uterine glands, (n) spiril arteries suppl\- 
ing inner third of mucosa (in) straight (bi-al) 
arteries supplying basal part of nirnosa 


1 The term ‘ senile ” is hardly a happy one the o\ arian change is one which normally 
occurs at a particular age 

: It should be emphasized that the menstrual cycle is unrelated to the osstrous cycle 
of lower mammals (e g rodents) 



Fig 659 — Endometrial Changes during the Menstrual Cycle (Rhesus monkey) (Prepara 
tions by Corner, Hartman, and Bartelmez, from Corner, Hormones in Human Bepro 
duct ion, Princeton, 1946 ) 

A Fifteenth day of cycle, just after ovulation (proliferative phase) 

B Twenty third day of cycle, progestational phase 

C Twenty-seventh day of cycle, full progestational changes, menstruation due one day later 
All sections are magnified bv x]0 
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consists of a ciliated columnar epithelium (which beats towards the exterior), 
dipping down into a loose stroma to form simple tubular glands During 
the next 8 days or so ( i e 6th-14th day) the mucosa thickens, becomes more 
vascular, and the glands elongate and become dilated in their deeper part 



Fig 660 — Endometrial Changes during Menstruation (Rhesus Monkey) (Comer, 
Hormones m Human Reproduction, Princeton, 1946 ) 

A First day of flow , bl , small collections of blood in the lining of the uterus Progestational pattern of 
glands still present 

B Third day of flow Note loss of superficial part of endometrium , the progestational pattern of the 
glands has disappeared 

(2) Premenstrual (Progestational) Stage (15th-28th day) — The 
endometrium progressively increases m thickness, eg to 4-5 mm The out- 
standing features are the increase in the length and diameter and the change 
in the outline of the glands , they are greatly distended with mucus and the 
lining is thrown into folds which project into the lumen giving the gland wall 
a saw-edge, tufted appearance The stroma cells proliferate and enlarge, 
become more closely packed and resemble those seen in the early placenta 
The blood vessels are congested and exudation of clear and blood-stained 
fluid occurs 
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(3) Menstruation (1st — 4tli or 5tli day) — Tins stage is characterized by 
bleeding and shedding of the superficial part of the endometrium, leaving 
the basal (deeper) layer intact The mechanism is obscure It is suggested 
that the spiral arteries close down (perhaps for hours) Owing to the resulting 
ischmmia the related region of the mucosa undergoes necrosis and the walls 
of the contained capillaries are weakened When the spasm passes away and 
the circulation is restored, blood leaks out through the damaged and destroyed 
areas of the capillary wall into the stroma, under the superficial epithehum, 
and into the lumina of the glands The necrotic endometrium, together with 
exuded blood and much mucus, is cast off into the lumen of the uterus, whence 
it passes to the exterior Menstrual blood which escapes rapidly from the 
uterus clots promptly, yields abundant fibrin, and contains thrombin If the 
blood is retained longer in the body of the uterus, partial clotting takes place 
there or films of fibrin may be deposited on the endometrium Intra-utenne 
clots when long retained undergo a secondary process of hquefaction 

It must not be supposed that this destructive process occurs simultaneously 
throughout the endometrium , if it did the whole of the superficial part of 
the mucosa would be rapidly sloughed off and a sudden large lnemorrhage 
would occur At any one time the process is probably affecting only small 
scattered areas of the endometrium The flow of blood into the vagina takes 
place in tiny spurts or trickles at intervals of 1-15 minutes By the end of 
4 or 5 days the whole endometrium has been affected, the destructive phase 
in any area being soon followed by repair The surface epithelium and the 
simple tubular glands are restored by outgrowths from the persistent basal 
ends of the glands 

The total blood loss in normal women m one menstrual period varies 
from 10-210 c c with a mean of 40 c c There are variations in the length 
of the complete menstrual cycle m any one woman , no woman is absolutely 
regular and the range of cycle length may be 28^9 days 

Anovulatory Menstrual Cycle — In rhesus monkeys anovulatory 
cycles may occur in which no ovulation takes place and no corpus luteum is 
formed The endometrium then only shows the changes characteristic ol the 
pi oliferative stage , the duration of these cycles is the same as that of a 
normal ovulatory cycle When bleeding occurs it is similar in duration and is 
accompamed by the same kind of vascular changes as m ovulatory cycles 
Many workers urge that the bleeding at the end of an anovulatory cycle 
should also be designated menstruation Anovulatory cycles also occur 
infrequently m women, chiefly m young girls aud near the time of the meno- 
pause 

Mechanism of Menstrual Cycle — (1) Experimental Uterine 
Bleeding (Fig 661, A) — (l) When both ovaries are removed m monkeys (or 
women), a single episode of bleeding occurs after a few days, irrespective 
of the phase of the cycle at which the operation is performed The bleeding 
is thus related to withdrawal of an ovarian factor (or factors) which influences 
the uterus 

(n) If a monkey is ovanectomized and immediately afterwards given a 
course of oestrogen injections, no bleeding occurs after the operation But 
as soon as the oestrogen treatment is stopped bleeding occurs from the 
endometrium which is m the _prohferative_phase (Fig 661, B) This experi- 
ment seems to reproduce what takes place in anovulatory cycles in mtac 
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animals in winch only oestiogen is secreted , m such cycles, when the 
unruptured follicle begins to degenerate and stops secreting oestrogen, bleed- 
ing takes place Bleeding can thus result from oestrogen deprivation (or even 
from a lowering of the previous blood oestrogen level) 

(in) An ovaiiectomized monkey is given oestrogen to build up the prolifera- 
tive phase of the endometrium (Estrogen treatment is then stopped and is 
replaced by injections of progesterone No bleeding occurs m spite of 
oestrogen deprivation , the ptesence of progesterone inhibits the bleeding and 
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Fig 661 — Diagram to Illustrate Hormonal Control ot Menstrual Cycle 

also builds up the progestational phase of the endometrium On stopping 
the progesterone treatment, the endometrium which has been deprived of 
the influence of both oestrogen and progesterone bleeds (Fig 661, C) 

(2) Mechanism of Normal Menstrual Cycle (Fig 661, D) — In the 
normal menstrual cycle the sequence of events is probably as follows During 
the growth of the Graafian folhcle up to the stage of ovulation, oestrogen alone 
is secreted by the ovary and gives rise to the proliferative phase When 
the corpus luteum develops it secretes progesterone and also continues to 
form oestrogen Under the influence of the combined action of these tvo 
hormones the progestational stage is produced When the corpus luteum 
degenerates the endometrium is deprived simultaneously of the “ suppoitmg 
action ” of both hormones, and bleeding occurs It must be presumed that 
the hormones have a specific action on the spiral arteries of the endometiium 
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Amenorrhcea resulting from ovariectomy has been successfully treated 
clinically by means of ovarian hormones Injection m ovarieetomized women 
of half to one million units of oestrogen iollowed by about one hundred units 
of progesterone induces menstrual changes which resemble the normal in 
every respect 

It may be supposed that normally the progestational phase is, as its name 
imphes, a preparation of the endometrium for the reception of a fertilized 
ovum If pregnancy occurs the corpus luteum persists and the endometrium 
is progressively transformed into a placenta which holds and nourishes the 
foetus 

CEstrous Cycle of Lower Mammals —In the lower mammals sexual 
activity is usually hmited to certain periods of the year , in the non-breedmg 
season or period of rest ( anceslrous period) the uterus is relatively anaemic 
and the animal shows no disposition to seek out its mate The sexual season 
is divided into a variable number of oestrous cycles which consist of these 
stages 

( 1 ) Pro-ceslnts — the uterus and vagina are congested and distended with 
clear fluid , blood may escape to the exterior The vaginal epithelium begins 
to proliferate actively 

(n) CEstrus — the special period of desire m the female, the only time when 
she will receive the male or fruitful coitus is possible The congestion and 
distension of the genital organs are at their peak The vaginal epithelium 
now reaches its maximum development and is covered by very many layers 
of fully Lerahnized cells 

(ni) If pregnancy does not ensue, the changes in the generative organs 
subside (• metosstrus ) 

In the absence of successful coitus the oestrous cycle is repeated, eg m 
the rat, every 4 to 5 days (polyoestrous animal) , in other animals the oestrous 
cycle may occur once only during the sexual season (dog) 

, The stages of the oestrous cycle m the rat or mouse can be readily followed 
j by simple examination of smears of vaginal contents During pro-oestrus the 
/ smear shows nucleated epithelial cells (the actively proliferating lining) , 

, during oestrus the vagina is almost dry, the now keratimzed lining cells are 
shed and appear m the smear as non-nucleated, faintly-staining, or eosinophil 
1 flakes The presence of these cells is a diagnostic sign of oestrus When 
[> oestrus passes off, numerous leucocytes appear m the vagma In the resting 
\. phase the smear shows degenerated leucocytes, broken down epithehal cells, 

i and strands of fibrin 

\ 

CHEMISTRY OF THE STEROIDS OVARIAN HORMONES 

CORPUS LUTEUM 

The Steroids — These substances, which are of great physiological 
importance, are based on a system of four rings joined together m ^a 
characteristic way, i e two six-membered carbon rings below (“ downstairs ”) 
(A, B), joined to one six-membered and one five-membered carbon rmg 
above (“ upstairs ”) (C, D) (Fig 662) 

When all the bonds m all the rmgs are fully saturated as shown m Fig oo2, 
the compound is known as cyclopenteno-perhydro-phenanthrene The C 
atoms are numbered from 1 to 17 aB shown on p 1075 
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In its spatial arrangement the ring system is relatively flat (i e m the 
plane of the paper, as conventionally written) Substituents (replacing 
any H) stick out on one side or other of the plane of the molecule Those 


c< C V CH < 

I I ! 


CH2 


/C Hz / 

h 2 c x ch CH 

i I I 

H 2 C /CH 
X CH Z 


Ch2 



Briefly written so 
Fio 662 — Structure of Steroids 


projecting towards the observer are termed ft substituents, and those 
projecting away are called a substituents 

The direction of the projection is shown thus 


/\/ 

H» 

ohAA 


/N/ 


OHv 


„aa 


3 p hydroxy compound 


3 a hydroxy compound 


The continuous line indicates projection towards, and the broken line 
projection away from, the observer 

In naming the steroids the following conventions are used 
-ane fully saturated compound 

-ene unsaturated compound , -diene, -tnene, represents the presence of 
2 or 3 double bonds 

-one presence of ketone ( C=0) grouping 
-ol presence of hydroxyl (alcoholic or phenolic — OH grouping) 
Physiological Steroids — The steroids of physiological interest include 
(i) (Estrogens {infra) 

(u) Progestms (p 1077) 

(m) Androgens (p 1076) 

(iv) Adrenal cortex hormones (corticoids) (p 959) 

(v) Cholesterol and related substances like coprosterol and ergosterol 
(p 799) 

(vi) Vitamin-!) precursors (p 1010) 

(vu) Bile acids (e g cholic acid) (p 798) 

(vm) Cardiac glucosides like digitoxigenm (of digitalis) 

(ix) Carcinogens, like methyl cholanthrene 

(Estrogens (Folliculoids) (Fig 663) — The structure is based on 
oestrane, which differs from the basic steroid shown m Fig 662 m having a 
ft CH 3 group replacing the H attached to the C in the 13 position There 
are no double bonds , all the C atoms have enough H atoms to fill up their 
quota of 4 valencies 
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A derivative of oestrane is osstratnene (three double bonds , these join 
the following carbons 1 2,3 4 , and 5 10, to give an aromatic ring, A) 




(Estradiol 

In ovary Activity 
<1 x ocstrone 



(Estrone 
In urine 


Fig CG3 — Structure of (Estrogens 



I it urine , weaker than 
ccstrone 


The natural oestrogens aie substituted derivatives of cestratnene, thus 

(l) (Estradiol (-diol=dihydroxy) the two OH groups are in positions 
3 and 17 The 3-OH group is phenolic 

(n) (Estrone 3-hydro xy-17-keto-cestratnene 

(m) (Eslnol (-tnol= trihydroxy) the three OH groups are m positions 

3, 15, and 17 

Androgens (Testoids) (Fig 664) —These are based on androstane, 
which is oestrane with a second methyl, i e (C!I 3 ) group attached to C 10 , 
androstane is thus 10-methyl oestrane 

( 1 ) Androsterone is 3-hydroxy-17-keto-androstane 

(n) Testosterone is 3-keto-17-hydroxy-androstene (1 double bond joins 
C 4 and C 6 



Testosterone 




In testis action on comb growth 
10 x androsterone , accessory re 
productive organs of mammals 
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Flo RG4 — Strut 1 nre of Androgens 
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Progestins (Luteoids) (Fig 665) — The basic compound is pregnane 
which resembles androstane, but has a — CU 2 — CH 3 side chain attached to 
C 17 (The CH 3 attached to C ln is numbered 19 , the CH 3 attached at Ci 3 is 
numbered 18 the C atoms of the side chain attached to C 17 are numbered 
20 and 21 ) Pregnene has one double bond joining C 4 and C 5 
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Fig 6(>5 — Structure of Progestins 


(l) Progesterone is 3 20-diketo- pregnene 

(u) Pregnanediol is a fully reduced derivative of progesterone with 6 
additional H atoms 

(Estrogens (CEstrus-producmg Substances) — As oestrus does not 
occur-irTwomen and the higher primates, this term is a misnomer when 
apphed m these species to oestradiol and related substances , > The terfn is, 
however, sanctioned by historical reasons and common usage The principal 
natural oestrogens in women are (l) oestradiol which is probably the hormone 
secreted by the ovary , (n) oestrone and cestnol, less biologically potent Bub- 
stances which are derived from oestradiol and are secreted in the urine 

Sources — (Estrogens can be extracted from the ovary (both the Graafian 
follicle and the corpus luteum) , the placenta , the adrenal cortex , the testis , 
and normal adult male as well as female urine There is a large excretion in 
the urme of pregnant women , surprisingly, there is also a large excretion 
m the urme o f .stallions .-— 

Production and Fate of (Estrogens — (i) Injection experiments show 
that about 10 per cent of injected oestrogen is excreted in the urme , this 
fact is made use of to calculate the natural rate of oestrogen formation 

(n) An adult woman excretes m the urme about 1 mg of oestrogen per 
month, corresponding to the formation of 10 mg per cycle (Estrogen is 
excreted m the urine throughout the cycle, reaching its peak at about the 
time of ovulation , this is believed to be derived from the cells of the Graafian 
follicle whose secretory activity increases as it grows and matures (Estrogen 
is also secreted during the second (or corpus luteum) phase of the cycle , 
there may be a secondary rise m oestrogen output at this time m the urme 
It seems, therefore, that the corpus luteum is a dual gland secreting both 
oestrogen and progesterone As mentioned above, oestrogen can be extracted 
from the corpus luteum as well as from the follicles At the menopause, as 
the folhcles progressively disappear, the urinary excretion of oestrogen declines 
and finally ceases No oestrogen is excreted by children before puberty 

(m) (Estrogen is excreted m increasing amounts durmg the last six months 
of pregnancy , when its excretion is at its peak during the last three months- 
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the daily oestrogen output is 15-45 mg per day (mostly as oestnol, to a small 
extent as oestrone) The oestrogen of pregnancy is formed by the placenta 

(a) the amount excreted is related to the size of the placenta (Fig 669) , 

( b ) excretion falls rapidly to normal levels after expulsion of the placenta 

(iv) The significance of the oestrogen content of the adrenal cortex and 
testis is unknown (The adrenal cortex also contains androgen (cf p 968) 

(v) (Estradiol is metabohzed largely m the hver , it is partly oxidized to 
inert compounds, and partly converted to weaker derivatives like oestrone 
and oestnol, which are then conjugated with glucuronic and sulphuric acids 
and finally excreted m the urine In hepatic insufficiency signs of oestrogen 
overactivity may appear 

Artificial (Estrogens 1 — Some highly potent oestrogens have been 
synthesized which differ m their chemical structure from the natural oestrogens 
Since the natural substance oestrone has now been synthesized it is more 
appropriate to call these compounds “ artificial ” rather than “ synthetic ” 
oestrogens 

Dihydroxystilbene Compounds — These compounds have the general 
formula 

R| R 2 

The best-known compound of this group is that m which both Rj and R 2 
are C 2 H 5 groups diethyl) stilbcestrol, or more simply stilboestrol) 

Other closely related compounds are hexcestrol, benzoestrol, and diencestrol 


ch 2 ch 2 
1 1 
ch 3 ch 3 

Hexocstrol 


01K OTrO'°" 

CH CH 

I I 

CH 3 c% 

Diencestrol 


Ethinyl (Estradiol — This synthetic oestrogen differs from those 
mentioned above in that it is merely a modification of the natural hormone, 
oestradiol 



HsC 


=CH 
OH 


^VY 


AV 

OH 


Ethinyl ccstradiol 


Unlike the natural oestrogens the artificial substances are highly active 
when given by mouth (Estradiol, as stated above, is rapidly metabohzed by 
1 Dodds, Quart J Pharmacy Pharmacol , 1949, I, 137 
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the liver , when administered orally and absorbed via the portal vein, it is 
largely inactivated during its passage through this organ Stilbcestrol is much 
more resistant to such changes, though a small fraction appears in the urine 
as the monoglucuronide Stilbcestrol also has the advantage of being cheap 
to prepare 

The relative oestrogenic potencies of these different substances vary greatly 
according to the test used The most reliable comparison can be made in 
ovanectomized women by determining the total dose which must be given for 
2 weeks to produce “ oestrogen withdrawal bleeding ” (p 1072) In this way 
it has been shown that stilboestrol is 4 times as potent as dienoestrol, and 18 
times as potent as hexoestrol , stilboestrol, however, is more liable than the 
other compounds to produce nausea in therapeutic doses Ethmyl cestradiol 
is the most potent oestrogen known, and is about 50 times as powerful as 
stilboestrol 1 

Actions of (Estrogens — (1) Relation to (Estrus — In the lower 
mammals the outstanding effect of oestrogen is to produce the uterine, vaginal, 
and other somatic and psychic effects characteristic of oestrus (p 1074) 

(2) Action on Uterus and Adnexa in Women 2 — In ovanectomized 
women undergoing oestrogen treatment the uterine muscle fibres increase in 
number and size and their spontaneous motility is enhanced , the atrophied 
mucosa develops , there is also some increase in the size and vascularity 
of the cervix The secretory activity of the cells lining the Fallopian lubes 
is stimulated and the motility of its muscle coat and of the cilia is increased 
Stratification of the vaginal epithelium is promoted 

(3) Relation to Menstrual Cycle — In ovanectomized women the 
injection of large doses of oestrogen produces changes which are identical 
with the proliferative phase of the menstrual cycle When oestrogen injections 
are stopped, uterine bleeding occurs 

In some monkeys reddening and swelling of the penvulval (sexual) skin 
is produced , fluid is also retained m the skin generally 

(4) Breast — (Estrogen produces various degrees of proliferation of the 
ducts and occasionally of the alveoli of the breasts (p 1092) , it also induces 
growth of the epithelium of the nipple m both sexes Cancer of the breast 
may be produced m susceptible mice (see footnote 1) 

(5) Action on Anterior Pituitary — (Estrogen inhibits the secretion 
of the anterior pituitary hormones, including the gonadotrophins In large 
doses oestrogen may thus indirectly cause atrophy of the ovaries and conse- 
quently arrest of menstruation, atrophy of the testes and sterility in both 
sexes (Estrogen has no direct action on the ovary or testis The normal 
regulation of gonadotrophic secretion by oestrogen is considered on p 1085 

(6) Role in Pregnancy and Parturition — See pp 1087, 1091 

(7) Therapeutic Uses — See p 1082 

Functions of Corpus Luteum Progestins Progesterone — The 

1 Many substances have been extracted from tar or prepared synthetically which are 
carcinogenic, % e when painted repeatedly on the skin of the rat they produce cancer , 
though these substances differ markedly chemically from the natural cestrogens they are 
also capable in massive doses of inducing oestrus Conversely, large doses of oestrogen 
may produce cancer of the breast m susceptible strains of mice There is no reason to 
Buppose, however, that the doses of oestrogen used clinically may be followed by this 
disastrous result m women 

* Similar results are obtained m the primates m which a menstrual cycle occurs 
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corpus Iuteum, through its active principle progesterone is responsible 
for 

(i) The premenstrual growth phase in the non-pregnant human uterus 

(u) Certain breast changes 

(ui) The development of the placenta (decidua) during pregnancy and 
the embedding of the fertilized ovum m the uterus 

(iv) Certain other changes during pregnancy 

1 Relation of Progesterone to Menstrual Cycle —In the normal 
cycle the secretion of progestrone begins two dajs after the occurrence of 
ovulation and stops about two days before the onset of menstruation During 
these 10-12 days, 50-100 mg of piogesterone are secreted of which about 
one-quarter is excreted in the urine as Na pregnanediol glucuromdate The 
role of progesteione on the menstrual cycle is considered on p 1073 

2 Functions During Pregnancy —(1) Placenta Formation and Em- 
bedding of Ovum — The relation of the corpus Iuteum to these functions 
is illustrated by the following experiments 

(1) As stated on p 1084, ovulation in the rabbit only occurs after coitus, 
following rupture of the follicles, corpora lutea develop If copulation is 
carried out by sterilized bucks, corpora lutea are formed, but, of course, no 
pregnancy ensues During the period of persistence of the corpus Iuteum the 
uterus shows growth changes m its mucosa, similar to those of early pregnancy 
If a mechanical stimulus is applied to the uterine mucosa (simulating the 
presence of a fertilized ovum) very marked local growth occurs, leading to 
the development of a decidua, i e placenta formation has been artificially 
induced The corpus Iuteum. thus forms an internal-secretion which sets up 
the growth (“ progestational ”) changes in the mucosa that are necessary for 
the embedding and development of the fertilized ovum 

(u) If the coipora lutea are removed from rabbits 20 hours after mating 
(when the fertilized ova have been m the Fallopian tubes for about 10 hours), 
no progestational changes occur m the uterus, and none of the embryos live 
after the fourth day The above experiment is then repeated, but after the 
ovariectomy, extracts of corpus Iuteum (or progesterone) are administered 
for 5 or 6 days The embryos persist, and histological examination of the 
uterus at the end of this period shows progestational changes identical with 
those seen m normal pregnancy If the injections are continued long enough 
the pregnancy may go on to term [(Estrogen has no such effects ] 
i The presence of the fertilized ovum m the uterus causes the corpus Iuteum 
I to persist till the end of pregnancy The responsible agent is chorionic^ 
1 gonadotrophin which is formed by the placenta (it is also responsible for the 
| j Aschheim-Zondek reaction and the other diagnostic tests of pregnancy 
f (p 1088)) 

(2) Action on Uterine Muscle — Corpus Iuteum extracts ( progesterone ) 
m rabbits reduce the spontaneous activity of the uterine muscle and its 
responsiveness to oxytocin , the uterus can thus enlarge progressively to 
accommodate its expanding contents during pregnancy If the corpus 
Iuteum is made to persist too long by injections of anterior pituitary extracts 
the onset of parturition is delayed On the basis of these experiments it 
has been suggested that degeneration of the corpus Iuteum at the end of 
pregnancy may be a necessary condition for the onset of labour There 
may, however be important species differences, as m women injection of 
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progesterone may induce slow uterine contractions of high amplitude The 
progesterone secreted during the latter part of pregnancy m women would 
then not induce uterine quiescence, nor would the cessation of progesterone 
secretion help to promote parturition 

In women the placenta also secretes progesterone and is thus concerned 
with its own growth (p 1088) If ovariectomy is carried out m women 
early m pregnancy the foetus may go to term m spite of the absence of the 
secretion of the corpus luteum 

(3) Action on Bkeasts — The corpus luteum is one of the factors con- 
cerned with the giowth of the alveolar tissue of the breasts during pregnancy 
(p 1092) 

(i) Inhibition of Ovulation — During pregnancy, ovulation (and 
menstruation) do not take place , this is probably related to the persistent 
secretion of progesterone Experimentally, injection of progesterone prevents 
ovulation and delays the onset of menstrual bleeding , it is not known how 
it produces the former effect 

“ Relaxin ” and Pelvic Ligaments — In the latter part of pregnancy 
the pelvic ligaments relax “ m preparation ” for the stretching which 
accompanies labour This response is attributed to a substance called 
“ relaxin,” which, though not yet chemically identified, is distinct from 
oestradiol and progesterone It is formed mainly by the placenta, and to a 
much smaller extent by the uterus, from which it may be liberated into the 
blood stream by the actions of progesterone or oestradiol 

3 Chemistry of Corpus Luteum Group (Fig 665) — This subject has 
been considered on p 1077 The active principle which has been extracted from 
the corpus luteum is progesterone It has been synthesized from stigmasterol 
(a sterol found in soya bean) which is closely related to cholesterol An inactive 
derivative — pregnanediol — is found (as the glucuromde) in the urine of 
pregnancy, rising m amount from the eighth week to about eightfold at 
parturition It also appears in the urine during the second half of the normal 
menstrual cycle and disappears again just before the onset of menstruation 
It is an index of the secretion of progesterone about 25% of which is converted 
to pregnanediol 

Progesterone-hke substances have been synthesized, the most important 
being ethisterone (pregnenmolone) , these compounds have the advantage of 
being active when administered by mouth (unlike progesterone) The 
formula of ethisterone is shown m Fig 666 and should be compared with that 
of progesterone (p 1077) 


CH 

111 

C OH 



Fig 666 — Structure of Ethisterone 

> 

Progesterone is related chemically to certain of the adrenal corticoids 
(Fig 610 ) and may preserve life in adrenalectomized ammals 
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Therapeutic Uses of Sex Hormones —1 (Estrogens —The substance 
of choice clinically is stilboestrol (p 1078) which is cheap and can be given by 
mouth The therapeutic uses of oestrogens are summarized below 

(1) Menopausal Symptoms — (Estrogen controls satisfactorily the hot 
flushings which are a common and troublesome symptom If suitably 
administered together with progesterone a normal menstrual cycle can be 
produced m ovanectomized women , as amenorrhoea itself is harmless, httle 
advantage is gained by the patient from this interestmg physiological 
experiment 

(2) Delayed Puberty — The age of onset of menstiuation and sexual 
maturity m girls m Britain is 10-15 years , but 25% of girls do not menstruate 
till they are 16 years of age or over If the sexual organs aie still immature 
at the age of 18 it may be advisable to administer oestrogen to promote the 
growth of the persistently infantile uterus and of the breasts 

(3) Vulva and Vagina — (Estrogen increases the thickness and degree of 
stratification of the vulval and vagmal epithelia , it has proved of value m 
allaying vulval itching and especially that associated with Lraurosis vulvce 
and senile vaginitis Combined with sulphonamide, oestrogen may be of use 
in the treatment of gonorrhoeal vulvo-vagimtis 

(4) Nose — (Estrogen modifies the mucous membrane of the nose and has 
been useful in the treatment of atrophic rhinitis 

(5) Breasts — If given before the onset of lactation oestrogen may inhibit 
the secretion of milk by the breasts , once lactation is well established it is 
less effective [Androgens act similarly ] 

(6) Carcinoma of Prostate — The use of oestrogens m this condition is 
considered on p 1116 (Estrogens do not benefit cases of simple hypertrophy 
of the prostate (cf p 1117) 

(7) Abortion — Stilboestrol (but not natural oestrogen) given early in 
pregnancy interferes with the implantation of the ovum and may produce 
abortion 


(8) Menstrual Disturbances — (Estrogens are commonly used empirically 
m a variety of ill-understood menstrual disorders in the hope that some 
benefit may result Large doses may have a dramatic haemostatic effect m 
patients with prolonged and heavy uterine bleeding 

2 Progesterone Group — Members of the progesterone group are 
sometimes useful in cases of repeated abortion As pointed out on p 1091, 
progesterone in wome n may induce slow contractionsj ofdiigb^mnhtude Its 
claimed beneficial effects m preventing abortion may therefore be due to its 
capacity to stimulate the development of the decidua and the formation of 
the placenta in patients m whom progesterone secretion is deficient 

3 Androgens — The action of the androgens m the female may be con- 
veniently referred to here They may be (i) androgemc, i e masculinizing, 
producing, for example, growth of the clitoris , (n) gynsecogemc, t e feminiz- 
ing, promoting growth of the infantile uterus and causing cestrous changes 
m the uterus , (in) m very large doses they may depress the pituitary gland 
and thus indirectly inhibit ovulation and menstruation and influence the 
breasts Clinically the androgens have proved beneficial m cases of excessive 
uterine bleeding (menorrhagia) , large doses of testosterone may have 
temporary beneficial effects in carcinoma of the breast, acting particularly on 
bony metastases by causing sclerosis , like the oestrogens the androgens may 
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inhibit lactation Administration of these substances is not free from dis- 
advantages, as they may cause growth of a beard and breaking of the voice 
(i e general phenomena of mascukmzation) 


RELATIONSHIP OF ANTERIOR PITUITARY TO OVARY 
THE GONADOTROPHINS 

Anterior Pituitary and Ovary — The anterior pituitary by means of 
its gonadotrophic hormones initiates the cyclic changes in the ovary at 
puberty and regulates these changes throughout active sexual life It causes 
the ovary to secrete its hormones, * e oestrogen and progesterone Indirectly, 
therefore, the pituitary controls the structure and functions of the rest of the 
reproductive apparatus and the secondary sexual characters in the female 


A 


Fig 667— Action of Anterior Pituitary Transplants on Immature Ovary m Rat 
(Smith and Engle, from Parkes, Internal Secretions oj the Oiary ) 

A and B are ovaries of litter-mate, immature rats 

A ^untreated 

B*»received four daily transplants of anterior pituitary material , _ 

Note* the great increase in the size of the ovary of B and the formation of manj mature Graafian 
follicles 

(1) Results of Hypophysectomy — Hypophysectomy m immature 
ammals causes the ovaries to remain infantile , m adult animals cyclic 
ovarian activity ceases Anterior pituitary transplants in immature ammals 
cause rapid growth of the ovary and precocious onset of ovulation and 
corpus luteum formation (Fig 667) , many ova are discharged In adult 
hypophysectomized ammals pituitary transplants restore cyclic ovarian 
activity 

(2) Pituitary Gonadotrophins —The anterior pituitary acts on the 
ovary by means of three hormones 

(i) Follicle-stimulating hormone (FSH) 

(n) Luteinizing hormone (LH) which is chemically identical with inter- 
-* 4 . _i _4. ^ 1.4. — ■‘---’none (ICSH) that acts on the interstitial cells of 
1 <. i LH is "often also referred to as ICSH 

(ui) Prolactin (lactogenic hormone, lactogen, luteotrophin) 

FSH and LH (ICSH) are glycoproteins , they are the classical goDado- 
trophmB, le hormones acting on the gonads The action of prolactin was 
first thought to he limited to the breast, hence its name It is now estabbshed 
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however, that it initiates and maintains the secretory activity of the corpus 
luteum, hence its new name, luteotrophm It should not be confused with 
luteinizing hormone which is m part responsible (together with FSH) for the 
formation of the corpus luteum Prolactin is obviously a third gonadotrophin , 
it is a simple protein 

(3) Other Gonadotrophins —Two other gonadotrophins have been 
isolated 

( 1 ) Chorionic gonadotrophin, which is present in the urine of pregnant 
women , it is formed in the placenta It has similar physiological actions m 
women to LH but differs from LH m structural details It also has a Iuteo- 
trophic action 

(n) Pregnant mare serum gonadotrophin (PMS, serum gonadotrophin, 
equine gonadotrophin) — This substance has not yet been isolated m the pure 
state , it resembles FSH m its action in women 

(4) Action of Gonadotrophins — The actions of the individual gonado- 
trophins are best demonstrated by injecting them into hypophysectomized 
immature animals 

(i) FSH produces growth of the Graafian folhcle Given alone it does not 
induce ovulation 

(n) If FSH is now given combined with LH, and the dosage of the two 
hormones is appropriately adjusted, further growth of the folhcle takes place, 
ending in the occurrence of ovulation and the formation of the corpus luteum 

(in) If prolactin is now given, the secretory activity of the corpus luteum 
is initiated and sustained On stopping the injections the corpus luteum 
atrophies 

There must obviously be some mechanisms m the normal animal to regulate 
the timing of the release of the individual gonadotrophins and the dose of 
hormone so released 

Regulation of Discharge of Gonadotrophins — The secretion of these 
hormones is regulated by 

(l) the hypothalamus , 

(u) the concentration of ovarian hormones (mainly oestrogen) m the 
blood 

(1) Role of Hypothalmus — (i) In the rabbit electrical stimulation of 
the hypothalamus produces ovulation As explained on p 931 a chemical 
transmitter is released locally which is carried m the blood to the anterior 
pituitary causing a discharge of gonadotrophins 

(n) In the rabbit, ovulation does not normally occur spontaneously and 
rhythmically, but only takes place 12-18 hours after coitus In the absence 
of the anterior pituitary, however, coitus does not produce this effect The 
act of coitus m the rabbit probably reflexly stimulates the hypothalamus , 
the further sequence of events is as m (l) supra 

(in) The winter period is usually a non-breeding season m the ferret , m 
the female the ovaneB are quiescent during this time and do not show the 
characteristic cyclic changes But reproductive activity sets in even m 
winter if the number of hours of light to which the animals are exposed daily 
is prolonged by artificial illumination The light stimulus acts on the retina, 
sends excitatory impulses up to the bram, and presumably ultimately 
stimulates the hypothalamus The effects of light cannot be produced after 
hypophysectomy and therefore involve the secretion of gonadotrophins 
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(xv) A similar reflex comes mto play in the female pigeon , it does not 
ovulate spontaneously but does so usually m the presence of a male bird It 
will also ovulate, however, m the presence of another female , m fact the 
bird will ovulate if left alone m a cage so long as it is provided with a mirror 
in which it can see its own reflection Here, too, visual stimuli lead (presum- 
ably via the hypothalamus) to the discharge of gonadotrophins [The effects 
of self-examination m women are more generahzed m character ] 

(2) R6le of Blood Hormone Level — ( 1 ) When oestrogens are injected 
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I'm 6G8 — Effect of buum Gonadotrophin (=ESH) and Chorionic Gonadotrophin 
(=EH plus Luteotrophin) on Urinary Excretion of (Estrogens and Pregnanediol m 
Case of Primary Amenorrhoca 

Clear columns excretion of oestrogens (in mouse units) 

Black columns excretion of pregnanediol (demed from progesterone) in mg 
A Inject serum gonadotrophin (FSH) 

B Inject chorionic gonadotrophin (LH plus luteotrophin) 

After A, bleeding occurs from an endometrium in the prohferatne phase 
After B, bleeding occurs from an endometrium m the progestational phase 
(Redrawn from Rydberg et ul , J Amer med Assoc , 1943, 121, 1121 ) 


for long periods, they produce marked structural and functional changes m 
the anterior pituitary The gland becomes considerably enlarged or develops 
an appearance resembling an innocent pituitary tumour , it may show intense 
congestion and haemorrhages or other destructive changes The functions of 
the gland are often gravely deranged , thus the secretion of gonadotrophic 
hormones may be inhibited m both sexes leading to atrophic changes m the 
ovaries or testes [Secretion of growth hormone may also cease, leading to 
dwarfism (Estrogens can thus profoundly modify many anterior pituitary 
activities ] 

(u) At the menopause, when the ovary ceases to secrete oestrogen and 
progesterone, there is increased excretion m the urme of ESH 

(in) Injection of oestrogen m suitable doses may inhibit the secretion of 
FSH and increase the secretion of luteinizing hormone and of prolactin 



1086 


VITAMIN-# 


These scattered observations suggest that there is probably a complex 
reciprocal relationship between the ovary and the pituitary It is supposed 
that at the onset of menstruation, when the blood level of oestrogen and pro- 
gesterone falls to a minimum, FSH is secreted causing the initial follicular 
growth The resulting increased oestrogen level decreases the rate of secretion 
of FSH and stimulates the secretion of LH and presumably of prolactin, 
causing ovulation, lutemization, and the secretion of progesterone There is 
little information about the action of progesterone on the pituitary 

Clinical Use of Gonadotrophins — The gonadotrophins used are 
(i) chorionic gonadotrophin (derived from human pregnancy urine), which 
acts hke LH plus luteotroplun , (n) serum gonadotrophin, derived from 
pregnant mare serum which acts mainly hke FSH In cases of primary 
amenorrhosa in which the ovaries are thought to be in the infantile state, 
and more commonly in secondary amenurrhcca, injected gonadotrophins may 
stimulate ovarian activity and secondarily uterine development and thus 
produce normal menstrual cycles In women with infantile ovaries, serum 
gonadotrophin (=FSH) gnen alone stimulates ov ulation and oestrogen libera- 
tion , the uterine mucosa passes into the proliferative phase , there is a great 
increase in oestrogen e\cietion in the urine When this treatment is followed 
by injection of chorionic gonadotrophin (=LII-f-luteotrophin), lutemization 
of the ovary takes place , sometimes the ovary becomes greatly enlarged 
and tender owing to the formation of a “ lutein tumour ” , progesterone is 
secreted and the utenne mucosa passes into the progestational phase , 
pregnanediol excretion in the uuue rises markedly Some 10 days after the 
last injection menstruation sets in (Fig 668) Some previously sterile women 
have been helped to become pregnant by such treatment 


RELATION OF DIET TO SEXUAL FUNCTION VITAMIN-# 1 


Experimental work in the rat has shown that m this animal two of the 
vitamins ( -# and -A) are related closely to normal functioning of the 
reproductive apparatus It is not known whether the same is the case m the 
higher mammals 

(1) Vitamin-# is found in highest concentration in the embryo 
of wheat, in most commercial oils (e g olive oil), m seeds and green 
leaves , there is little m milk fat and none m cod-liver oil It is 
present, but not in high concentrations, m animal tissues, chiefly in the 
fat and muscles Chemically it is a tocopherol with the constitution 
indicated below 
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1 Symposium on Vitamin-2?, Ann N I Acad Sci , 1949, 52, 63—428 
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R t , R 2 , and R 3 are alkyl groups Seteral forms of tocopherol have been 
isolated In a-tocopherol, R 1 =R 2 =R 3 =CH 3 

Effects of Absence of Vitamm-E — In the male rat atioph} of the semin- 
iferous tubules eventually occurs In the female rat, oestrus, ovulation, coitus, 
and implantation of the ovum m the uterus occur normally The embryo 
develops normally until the eighth day , further growth proceeds slowly 
and before the twentieth day death of the foetus occurs The maternal part 
of the placenta may go on growing and the mother increases in weight, 
i the vita min j s essential only forjcetal development The 
maldevelopmenf _ oTTilbbH velsels, blood~cells7 yolk sac, and 
he vitamin is given on the fifth day of pregnancy the foetus 
can still be saved If ammals are fed on diets rich in -# and then placed on 
diets from which the vitamin is absent, they retain fertility for three or four 
months Excess of vitamin-# does not increase fertility beyond the normal 

Vitamin-# concentrates have been administered during pregnancy to 
women suffering from habitual abortion , though claims have been made 
that such treatment was of benefit, many observers are unimpressed with 
the results obtained 

Vitamin-# deficiency m the rat is said to lead to the development of 
- muscular dystrophy which can be cured by administration of a-tocopherol 1 
The vitamin has been used with occasional success in the treatment of chnical 
myopathies 2 

(2) Vitamm-A — When the diet is deficient in vitamm-A, sexual maturit} 
is delayed and ovulation is infrequent , there is extensive keratmization 
of the vagina and continuous shedding of horny cellB which obscures the 
normal changes which occur during the cestrous cycle (cf p 1074) 

PHYSIOLOGY OE PREGNANCY PARTURITION 

Physiological Changes in Pregnancy 3 — The principal changes taking 
place as a result of pregnancy are considered in various parts of this book 
The more important matters dealt with are the following 

(l) Development of the placenta (p 1080) It must be emphasized that the 
placenta is also an organ of internal secretion, forming m women chorionic 
gonadotrophin oestrogen, and progesterone (see below and Figs 669,67 0) The role 
of the placenta m foetal respiration is dealt with on pp 1097 et seq 

(n) Inciease m the size of pregnant uterus, relaxation of the pelvic 
ligaments (p 1081), and enlargement of the birth canal 

(m) Formation, persistence, and degeneration of the corpora lutea (p 1067), 
and cessation of ovulation and menstruation (p 1081) 

(iv) Development of the breasts (p 1092) and the onset of lactation (p 1093) 

Excretion of Hormones in the Urine during Pregnancy — (1) 
CEstrogen (Fig 669) — There is a progressive increase m the urinary 
oestrogen ( secreted by the placenta) which rises to its peak just before 
the onset of parturition It is mainly m the form of cestrone combined with 

1 Einarson and Rmgsted, The Effects of Chronic Vitamm-E deficiency on the Nervous 
System and Skeletal Musculature vn Bats, Copenhagen 1938 

2 Rabmovitch et al , J Neurol Neurosurg Psychiat , 1 951, 14, 95 

3 Newton, Physiol Bev , 1938, JS, 419, Becent Advances »n Physiology 7th edn 
London, 1949, p 86 
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glucuronic acid , after delivery, the total excretion rapidly declines During 
pregnancy the blood oestrogen concentration also rises and follows the same 
general course as the excretion m the urine (see p 1077) 

(2) Pregnanediol — The excretion of progesterone m the urine in the 
form of pregnanediol glucuromde rises At the eighth week of pregnancy it 
is about 10 mg per 24 hours , at the end of pregnancy it averages 80 mg 
(Fig 670) The progesterone is derived mainly from the placenta and partly 
perhaps from the corpus luteum Pregnanediol excretion persists after 
ovariectomy 

(3) Chorionic Gonadotrophin — During pregnancy the placenta m 
women forms chorionic gonadrotrophm (p 1084) It appears m the unne as 
early as eight days after the first missed period, when the pregnancy has lasted 



Fig 660 — Excretion of (Estrogen m Urine m Pregnant Women 
Ordinate mg per 24 hours 

(Data of Marrlan el al , from Robson, Recent Adiance s in Sex and Reproductive 
Physiology, Churchill ) 


for less than a month It reaches its peak at 50-60 days, falls to a very much 
Jower level at 80 days, then remains steady and disappears a few days before 
parturition (Fig 670) It persists during the puerpenum if placental tissue 
is retained in the uterus , it disappears from the urine if the foetus dies The 
presence of chorionic gonadotrophin in the urine is, apart from certain 
exceptional conditions, convincing evidence of pregnancy , it is the basis of 
the various tests of pregnancy (p 1089) 

Chorionic gonadotrophin appears m the urine m large amounts m cases 
of hydatidiform mole and especially of the malignant tumour of the placenta 
known as rhorion-ejnlhehoma Persistence of urinary chorionic gonadotrophin 
after excision of the tumour is evidence of incomplete removal, and its return 
m the urine indicates recurrence of the growth Cases of teratoma of the testis 
m which the tumour contains chorionic tissue also show a high urinary 
excretion of chorionic gonadotrophin 

Large amounts of this gonadotrophin can be extracted from normal 
choriomc tissue, or that grown m tissue culture or found m placental tumours 
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The physiological action of chorionic gonadotrophin depends on the species 
on which it is tested 

( 1 ) Injected into women it acts like pituitary LH plus luteotrophm , the 
placenta probably secretes this hormone and thus helps to maintain the 
activity of the corpus luteum during the first six months of pregnancy 
In cases of chorion-epithehoma the ovaries often contain multiple large 
luteinized follicles with imprisoned ova 

(n) In rodents, on the other hand, injection of chorionic gonadotrophin 
stimulates all the ovarian processes (follicular growth, ovulation, and corpus 
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Fig 670 — Urinary Excretion of Chorionic Gonadotrophin and Pregnanediol in 

Pregnant Women 

Continuous line gonadotrophin Interrupted line pregnanediol 
(Hobson, Decent Advances m Sex mid Reproductive Physiology, Churchill ) 


luteum formation) in the intact animal , m the hypophysectomized rodent it 
produces only luteimzation 

Pregnancy Diagnosis Tests — The high concentrations of chorionic 
gonadotrophin which appear m the urine m the early stages of pregnancy 
form the basis of the most rehable tests for the diagnosis of pregnancy The 
accuracy of these tests is of the order of 99% 

(I) Aschheim-Zondek Test — The chorionic gonadotrophin of pregnant 
women produces a precocious full ovarian cycle m immature mice The 
technique is as follows small quantities of urine are injected several times 
daily for 3 days into immature mice (3 — 4 weeks old) The animals are 
killed and examined on the fifth day The essential criteria for positive 
result (i e pregnancy present) are the presence of blood-filled follicles (corpora 
haamorrhagica) or corpora lutea 
35 
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(2) Friedman Test — Human pregnancy urine produces ovulation 18 
hours after injection into virgin rabbits (in the absence of the normal stimulus 
of copulation) (cf p 1080) 

(3) Tests in Toads and Frogs — The first satisfactory test m these 
species was that described for the female of Xenopus Iccvis (the South African 
clawed toad) Urine is injected into the dorsal lymph sac , the presence of 
chorionic gonadotrophin is indicated by the shedding of numerous ova 
within 24 hours 

Subsequently male toads (and even frogs) of many varieties have been 
used, since chorionic gonadotrophin also acts on the seminiferous tubules and 
causes discharge of spermatozoa into the urine wit hin 3 hours of injection 

(4) Rat Ovarian Hyperemia Test — Chorionic gonadotrophin produces 
conspicuous hypermmia of the ovary of immature rats within 6 hours of 
injection 

Tests (3) and (4) certainly give the speediest answers to the question at issue 

Urinary Excretion of Hormones — A short summary follows of the 
present state of knowledge of the presence of hormones in the urine 

(1) Sex Hormones in Urine — (i) Derivatives of cestradiol cestrone and 
mstriol (pp 1077, 1087) 

(n) Derivatives of testosterone androsterone and isodekydroandrosterone 
(cf p 1110) Urinary androgens are also derived from the adrenal cortex 
(cf p 958) 

(m) Derivative of progesterone pregnanediol (pp 1080, 1088) 

The compounds in the urme have a much lower physiological potency 
than the related substance formed by the gonad from which they are presumed 
to be derived , the urinary constituents are excreted m the conjugated form 
either as glucuromdes or as sulphates 

Adult males and females excrete both oestrogen and androgen in the 
urine , none appears in the urine of children till the age of six, after which 
the concentration rises till puberty 

After castration, both men and women may continue to excrete both 
androgen and oestrogen m the urme, probably derived from the adrenal 
cortex (p 958) 

(iv) Gonadotrophins — See p 1088 

For urinary hormones in pregnancy see p 1087 , during the menstrual cycle 
see pp 1077, 1080 

(2) Antidiuretic Hormone — This hormone appears m the urine m the 
following circumstances (i) in states of dehydration from water deprivation 
(p 66) , (n) after various experimental conditions which increase the activity 
of the hypothalamo-hypophyseal system, e g emotional states, injection of 
nicotine, acetylcholine, or hypertonic saline (p 55) , (m) in some cases of 
ascites (p 822) 

The Kangaioo-rat (“ desert rat ”) that fives in the torrid arid areas of 
Arizona reduces its urinary water loss to an extraordinary degree by intense 
secretion of ADH The urea concentration in the urme may rise to 3 6 M 
(=over 2U% , maximal urea concentration m man about 4%) and the 
electrolyte concentration to 1 2 N (equivalent to 13% of NaCl) The ADH 
content of the urine may be 50 milhunits per c c (the maximum m laboratory 
rats deprived of water foi 72 hours is 6 m u /c c ) 1 

1 Ames and Van Dyke Prot Soc exp Biol Med , 1950, 75 , 417 
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(3) Adrenal Cortiooids (so-called 11-oxysteroids) — See p 954 

(4) Neutral 17-ketosteroids — See p 952 

Control of Parturition 1 — The neural division of the pituitary is 
probably one of the many factors concerned m the onset of parturition The 
following observations are relevant to a general consideration of the question 

(l) Progesterone m experimental animals delays the onset of parturition 
If the corpora lutea are made to persist longer than usual by injection of 
suitable anterior pituitary extracts the period of gestation is correspondingly 
prolonged But as has been emphasized, m women injected progesterone 
sets up uterme contractions (p 1082) 

(n) CEstrogen injected experimentally even in huge doses has no influence 
on the course of pregnancy 

(m) Role of Nervous System — Parturition can occur after division of the 
spinal cord m the mid-thoracic region or after section of the sympathetic 
nerve supply to the uterus 

(iv) Oxytocin — Pregnant ammals with experimental diabetes insipidus 
due to hypothalamic lesions have difficulty in delivering their young ( dystocia ) 
They may be unable to expel the uterme contents at all, or only partially, or 
may die of greatly prolonged labour The atrophic neural division m this 
condition is almost completely devoid of oxytocic content The secretion of 
oxytocin is probably under nervous control , m these experimental ammals 
no oxytocin is bemg secreted, and the failure of parturition may be due to 
lack of essential oxytocic hormone It is not yet known whether the amount 
of oxjrtocm secreted is increased at the time of parturition In some species 
the sensitivity of the uterine musculature to the stimulating action of oxytocin 
increases towards the end of pregnancy 

The cause of parturition remains a mystery 


MAMMARY GLANDS SECRETION OF MILK 1 2 3 

Structure of Mammary Gland — The mammary gland consists of a 
series of ducts, which branch to give rise to terminal tubules , these m turn 
lead to the alveoli Covering the external surface of the epithehum of the 
alveoh and ducts are numerous elongated, branching, longitudinally striated 
cells which constitute what has been called myoepithelium 3 The presumed 
contractile function of these cells is discussed on p 1094 

The breast arises as an invagination from the surface epithehum which 
dips down into the underlying connective tissue as solid columns of cells , 
these gradually become hollowed out to become ducts At birth the breast 
is rudimentary, 4 and consists essentially of the tmy nipple from which radiate 

1 Reynolds, Physiology of Uterus, London, znd eon , 1950 

3 Loeb m Cowdry, Special Cytology, vol n , New York, 1928 Turner in Allen, Sex 
and Internal Secretions, 2nd edn , Baltimore, 1939 American Medical Association, 
Glandular Physiology arid Therapy, Chicago, 1942 Folly and Malpress, in The Hormones, 
1948, 1, 695, 745 Symposium on “ Lactation Function and Product,” Brit med Bull , 
1947, 5, 123 

3 Richardson, Proc roy Soc B , 1949, 136, 30 

1 Secretion of a fluid which resembles colostrum (cf 1095) may occur m the newborn , 
it is attributed to slight growth and activity of the glands of the fcetus just preceding 
birth due to maternal hormonal influences • 
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a few ducts Little further development occurs until the time of puberty 
The changes which occur at puberty in the female vary considerably with the 
species studied , m many, including the human subject, there is considerable 
growth and branching of the duct system , in others there may also be 
formation of glandular tissue With the recurrence of each sexual (menstrual 
or oestrous) cycle the gland undergoes further proliferative changes , though 
this is followed by some degree of regression, on the whole, progressive en- 
largement takes place, which is due in part to increased deposition of fat 
Between each menstrual period (m women] there is hyperaemia of the breasts, 
increase m the interalveolar stroma, and possibly new formation of alveoli , 
these changes are transient 

During pregnancy the breasts enlarge greatly and become markedly 
changed in structure During the first half of pregnancy, there is further 
duct development, but this is now accompanied by the appearance of many 
alveoh which form lobules No milk is secreted by the gland cells at this 
stage During the second half of pregnancy the epithehal cells swell and 
there is gradual initiation of secretory activity with slow accumulation of 
milk in the alveolar lumina The further enlargement of the breast which 
takes place at this stage is not due to an increase in the mass of glandular tissue 
but to distension of the organ with its secretion Massage of the breast may 
squeeze out some of this milk 

Control of Breast Development — This is due to the complex action 
of a number of hormones , oestrogen and progesterone are the primary agents 
responsible for mammary growth, but they appear to work best with the help 
of the anterior pituitary and thyroid glands The details of the controlling 
mechanism varies a good deal with the species 

(1) Action of (Estrogen — The injection of oestrogen into normal or castrated 
animals, male or female, causes thickening of the nipple and marked growth 
and branching of the ducts (Fig 671, 2) These results probably account 
satisfactorily for the 'duclPchanges which normally occur at puberty In 
most species oestrogen causes little or no glandular development, but in 
some animals, eg cows and goats, oestrogen administration can not only 
produce alveolar development but even secretion of milk , these latter effects 
of oestrogen may be mediated via the anterior pituitary 

(2) Action of Progesterone — Progesterone given alone, when the breast is 
undeveloped or following its growth under oestrogen treatment, produces no 
changes But when given together with oestrogen ( i e at same time), marked 
glandular development occurs, which may ultimately be equivalent to that 
attained at the end of the first half of normal pregnancy No secretory 
changes, however, occur (Fig 671, 3) 

(3) Role of Placenta — So much for the effects of injection experiments 
In the pregnant animal, however, it must be borne m mmd that the placenta 
forms both oestrogen and progesterone , m fact it is probable that the placenta 
is the only source of oestrogen in the pregnant animal, and that none is formed 
by the ovary itself Thus, if the ovaries are removed m pregnant mice and 
the placentae happen to be retained, mammary development proceeds quite 
normally, indicating that adequate oestrogen and progesterone secretion still 
take place , the same result occurs if the foetuses as well as the ovaries are 
removed and the placentae are retained If, however, the placentae are also 
aborted following ovariectomy, the breasts rapidly regress It is clear, therefore, 
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that the placenta is an important organ of internal secretion m relation to 
breast development during pregnancy , its hormones stimulate proliferation 
both of ducts and glandular cells 

(4) An intact nerve supply is not essential for the growth of the mammary 
gland during pregnancy Thus, if the breast is completely transplanted, 
thus severing all its nervous connections, it may grow during pregnancy, and 
function, although somewhat inefficiently, after parturition 



3 

Fig 671 — Hormonal Control of Breast Development m the Rat (After Turner, 
in Sex and Internal Secretions, and Newton, Recent Advances m Physiology, 
Churchill ) 

1 Nipple of castrated male rat 

2 Duct development produced by cestrogen 

3 Alveolar (glandular) development produced by combined treatment with cestrogen and 

progesterone 


Lactation 1 — Though some secretion is present m the breasts during 
the latter part of pregnancy, a free flow of milk is established only some 
days after delivery of the child It has been suggested that secretion is 
inhibited during pregnancy by some influence coming from the placenta or 
from the distended uterus , these factors would be removed at parturition. 
Alternatively, as explained below, the secretion of milk requires positive 
stimuli which only appear after parturition 

Lactation consists of two distmct processes 2 (l) milk secretion, i e the 

1 Revised by Cyril A Keele s Folley, Brit med Bull , 1947, 5, 135, 142 
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synthesis of milk by the alveolar epithelium, and its passage into the lumen 
of the gland , (n) discharge of milk from, the breast 

1 Milk Secretion — The actual secretion of milk by the mammary 
gland, unlike that of most externally secreting glands, is not under direct 
nervous control , the stimulus to the alveolar epithelium comes mainly 
from the anterior pituitary, through its secretion of prolactin and other 
hormones which initiate and maintain lactation, and also from the thyroid 

(1) Prolactin 1 — This pituitary gonadotrophin not only promotes pro- 
gesterone secretion (p 1083), but is also one of the important lactational 
hormones It can only act on a breast that has been caused to grow under 
oestrogen-progesterone stimulation It acts directly on the gland alveoli 
Thus if it is injected into a duct of a suitably prepared breast, lactation is 
produced only in the corresponding alveoli and not m adjacent ones which 
lead into an independent duct Prolactin causes the epithelial cells lining the 
alveoli to increase m size and number, and many are cast off m the first milk 
secreted 

There is evidence that prolactin secretion is stimulated by suckling, 
probably via a nervous pathway to the hypothalamus, and thence by means 
of the neuro-humoral mechanism described on p 931 

(2) Other Anterior Pituitary Hormones — It is probable that 
prolactin is optimally effective only when acting m conjunction with 
adrenocorticotrophic hormone, which in turn stimulates the adrenal cortex to 
secrete its corticoids , this fact may account for the failure of prolactin alone 
to increase a poor milk flow in women Groivlh hormone may be concerned m 
the formation of the constituents of the milk 

(3) Thyroid — Normal thyroid function is also necessary for the main- 
tenance of lactation, and in some species (mcludmg man) administration of 
thyroid substance (or thyroxine) helps to restore a declining milk flow 
Iodmated casein, which contains thyroxine, has been found particularly 
effective m raising the milk yield of cattle 

% Discharge of Milk — The discharge of milk from the mammary 
gland depends not only on the suction exerted by the infant, but also on a 
contractile mechanism m the breast which expresses milk from the alveoh into 
the ducts 

It is well known that m the cow the amount of milk present m the cisterns 
and larger ducts at the commencement of milking, is only a small fraction of 
the total quantity which can ultimately be collected It appears that stimula- 
tion of the teat^produces, after a bnef interval, a sudden rise m milk pressure 
m the udder , (“ let-down ”) and only after this phase has occurred can the 
full milk yield be obtained A similar rise of pressure m the ducts, called the 
“ draught,” occurs in women m response to the stimulus of suckling Both 
“ let-down ” and “ draught ” can also be produced by injection of oxytocin 

The physiological sequence of events is probably as follows stimulation 
of the teat or nipple causes nerve impulses to pass (via some unknown 
pathway) to the supraoptic nucleus and thence along the hypothalamo- 
hypophyseal tract to the neurohypophysis causing the release of oxytocin 
into the blood stream The oxytocin is then earned to the mammary gland 
where it produces contraction of the myoepithelium surrounding the alveoli, 
thus expelling their contained milk into the ducts, which are meanwhile kep 
1 White, Vitamins and Hormones , 1949, 7 , 253 
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open by tlie contraction of their longitudinally arranged myoepithelial layer 
This sudden outflow of oxytocin mto the blood stream probably also causes 
the uterine contractions which are known to follow suckling during the 
puerpenum in women Thus suckling acts by neuro-humoral mechanisms to 
cause both milk secretion and milk discharge, and it is easy to understand 
how nervous and psychological factors, acting via the hypothalamus, can 
influence lactation 

If milk is allowed to accumulate in the breasts, and is not removed, the 
gland involutes (i e regresses) The absence of suckling deprives the anterior 
pituitary of the stimulus which normally causes it to secrete prolactm and 
ACTH 

Lactation is associated with a delay m the return of the menstrual periods 
and temporary sterility, presumably owing to non-secretion of the other 
gonadotrophins (TSH and LH) , but women often become pregnant again 
while nursing 

Composition and Properties of Human Milk — The fluid secreted 
during the first three days after parturition is called colostrum It is deep 
yellow ip colour and nch in protein and salts , it is coagulated into solid 
masses by heat, or even spontaneously It contains large granular bodies, 
called colostrum corpuscles, which represent either discharged alveolar cells of 
the gland, or else leucocytes loaded with fat These corpuscles are abundant 
m the first few days, and disappear at the end of the second week 

The milk formed during the first few weeks is called the intermediate or 
transition milk Mature milk appears at the end of the first month 

The accompanying table indicates the composition of colostrum, 
mature human milk, and cow’s milk 



Protein 

Lactose 

Fat 

Ash 

Calcium 


g-% 

g-% 

g-% 

g-% 

g-% 

Colostrum (human) 

85 

35 

25 

0 37 

■1 

Mature human milk 

1 0-2 0 

6 5-8 

3 0-5‘0 

0 18-0 25 

0 03 

Cow’s milk (average) 

3 5 

4 75 

35 

0 75 

0 14 


The differences between human and cow’s milk are very striking , human 
milk contains considerably less protein, less salts, and more sugar 

(1) The protein content of milk is highest in colostrum (8 5%), and falls 
during the first few weeks (2 25%) to reach a fairly steady level of about 
1 25% , it diminishes rapidly towards the end of lactation Two proteins are 
found 

(i) Caseinogen is precipitated by weak acids , it is converted by rennin 
into calcium casemate which is insoluble in water, but is easily digested by 
gastric juice 

(n) Lactalbumm resembles serum albumin 

In human milk there are about two parts of lactalbumm to one part of 
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casemogen In cow’s milk the proportions are very different the casemogen 
is six times in excess of the lactalbumin Allowing for the difference m the 
total protein content of the two kinds of milk, it follows that cow’s milk 
contains about six times as much casemogen as human milk The casemogen 
of cow’s milk in the stomach forms large solid masses •winch are relatively 
insoluble Its exact chemical composition, too, is different from that of 
human casemogen When human milk is treated with rennm or dilute 
acetic acid, fine flocculation occurs 

(2) Fat of milk is m the form of minute globules which are emulsified 
by the dissolved albumin the fats chiefly present are triolein, tnstearm, 
and tnpalmitm Free fatty acids are only found m minute amounts , cow’s 
milk has about eight times as lngh a fatty acid content 

(3) The carbohydrate of milk is the disaceharide lactose 

(4) The ash contains^a^ K, Na, Cl and P, but only traces of iron this 
very low non content is noteworthy Human milk contains only 0 03% of 
Ca (against 0 14% m cow’s milk) 

(5) The vitamin content of milk depends on the maternal diet For 
human milk the average values are -A, 300 iu , thiamine, 10 1 u , -C, 6 mg , 
-D, 10 l u per 100 c c , the average values for cow’s milk are approximately 
the same, but the -C content is lower (2 mg-%) 

Origin of Constituents of Mill — The specific constituents of milk are 
elaborated in the gland cells from certain raw materials supplied by the 
blood (l) Lactose is derived from the glucose of the plasma (n) Proteins of 
milk come from the plasma amino-acids and proteins (m) Fat is formed 
partly from neutral fat of the blood and partly from acetate 

Conditions Affecting Composition or Milk — Milk is richer in younger 
women It is unaffected by the return of menstruation, but is adversely 
influenced by illness or by emotional disturbances 

(1) ErFECT of Diet — The quantity and composition of milk bear a com- 
plicated relation to the diet Fundamentally a good mill can only be formed 
from a good diet A superabundant diet does not increase the total yield or 
richness of the milk unless the protein content is increased If the diet is 
inadequate, it is found that early m lactation the body tissues are used to 
form milk, which is not reduced much m amount, and weight is lost , late 
m lactation, however, the yield of milk is reduced The vitamin content of 
the milk depends on the amount of these substances m the diet Alcoholic 
liquors, like stout, may serve to fatten the mother, but it is very doubtful 
whether they improve the quality of the milk in any way 

(2) Excretion of Drugs in Milk — Many drugs ingested by the mother 
may be excreted m the milk, and it is useful to distinguish two main groups 

(1) Those which may have actions on the suclhng infant — (i) Bromides 
may cause drowsiness and papulo-pustular skm eruptions 

(n) Morphine addiction to morphine has been reported m children of 
mothers addicted to the drug 

(in) Certain purgatives, e g aloes, phenolphthalem and calomel 

(2) Those which have no actions on the infant — In a number of cases 
drugs may pass from the mother into the milk m measurable concentrations, 
but no pharmacological actions can be observed 

(l) Sulphonamides the concentration m milk may equal that m blood 
(e g 10 mg /100 c c ) 
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(u) Penicillin the milk concentration is not more than 1/10 the blood 
level 

(m) Nicotine ‘ heavy smoking by the mother may produce a milk nicotine 
concentration of 0 5 mg/L, but this does not harm the baby 

(iv) Barbiturates, e g barbitone and phenobarbitone 

(v) Ethyl alcohol appears m milk only m traces, and does not cause 
intoxication of the infant 

(vi) Iodides, salicylates, quinine, and atropine are only found m traces m 
milk 

FCETAL RESPIRATION 1 

Foetal Respiration 2 — The foetal circulation is briefly described on p 331 
The placenta is both a maternal and a foetal organ It contains large (maternal) 
blood sinuses receiving arterial blood from the uterine artery and returmng 
it to the veins Numerous foetal chonomc villi dip into these smuses across 
which gaseous interchanges take place The probable relationship between 
the foetal and maternal circulations m the human placenta is illustrated in 
Fig 672 

The following analogy may usefully be drawn between the foetal and post- 
natal methods of respiratory exchange If the placenta is regarded as the 


MATERNAL SINUS 



Fig 672 — Relationship between Foetal and Maternal Circulation m the Human Placenta 
(Newton, Recent Advances m Physiology, Churchill ) 


equivalent of the lungs, then the maternal smuses represent the air sacs , the 
uterine arteries and veins, the respiratory passages , the umbihcal artery 
and vein correspond to the pulmonary artery and vein respectively, and the 
chonomc villi to the pulmonary capillaries The blood flow through the 
maternal part of the placenta represents the pulmonary ventilation, while 
the capacity of the maternal sinuses can be regarded as the equivalent of 
the resting content of the lungs 

The oxygen and nutritional needs of the foetus and the amount of C0 2 and 

1 Barer oft, Researches on Prenatal Life, Oxford, 1946 

2 The reader must first review the normal methods of oxygen and CO. transport, 
pp 409, 414 
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waste products that have to be eliminated increase as pregnancy advances , 
m the human subject they become large during the last 3 months and especially 
m the last month when foetal growth takes place most rapidly It may 
be stated that if the exchanges m the placenta are adequate to meet the 
foetal needs for oxygen then all the other requirements can be satisfactorily 
dealt with too In the following discussion special attention will be paid 
to the problem of oxygen supply It may be useful to recall how increased 
oxygen supplies are provided for the muscles during vigorous exercise, as 
analogous changes occur during pregnancy In exercise (pp 433 et seq ) the 
pulmonary ventilation is increased (so increasing the available 0 2 ), the blood 
flow through the lungs rises (increasing the oxygen uptake by the blood) and 
a greatly increased blood flow is diverted to the muscles, which extract a larger 
fraction of the available 0 2 than at rest (increased arterial-venous oxygen 
difference) The equivalent series of adaptations which take place in 
pregnancy are discussed below 

1 Uterine Blood Flow — The blood flow through the maternal part of 
the uterus is greatly increased, perhaps finally (in the rabbit) by twentyfold , 
(this change corresponds functionally to an increase in the pulmonary ventila- 
tion ) In this way the oxygen supply made available for the growing foetus 
is correspondingly increased Initially, the augmented oxygen supply 
exceeds the needs of the still tiny foetus, so that the blood m the uterine veins 
may leave almost fully saturated with oxygen, convincing testimony that 
the foetus has abstracted very little But as pregnane) proceeds, foetal 
growth accelerates far more rapidly than does uterine blood flow , it is then 
found that a progressively greater proportion of the oxygen brought to the 
uterus is taken up by the foetus and the blood which leaves in the uterine 
veins becomes less and less saturated with oxygen (Fig 673) Just before 
parturition there is a sudden fall m the uterine blood flow which may represent 
a preparatory protective closing-down of the placental circulation 

2 Foetal Changes — The cardiac output of the foetus increases through- 
out pregnancy m direct proportion to the increase m its body weight , the 



Fig 673 — Uterine Blood Flow and Foetal Needs in the Rabbit 
(After Barcroft ) 

0>=blood flow through pregnant uterus , F=weight of foetus , Hb=percentage 
saturation with oxygen of blood In uterine veins Just prior to parturition 
(at 32 days) the uterine blood flow declines , after parturition the oxygen 
saturation of the blood in the uterine veins returns to normal 
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blood flow (via the umbilical artery and vein) through the foetal part of the 
placenta (the chorionic villi) presumably increases to a similar degree [This 
corresponds to an increase in the blood flow through the lungs, which enables 
more oxygen to be taken up ] The maximum oxygen-carrying power (? e 
hemoglobin concentration) of each unit of foetal blood, however, remains 
unaffected But, as already explained, the proportionate increase in the size 
of the foetus (m the human being from the microscopic ovum to the 7-lb 
baby) is much greater than that of the placenta Though the blood supply 
to the placenta may increase twentyfold, the oxygen needs of the foetus 
rise m an almost astronomical manner 
To meet the requirements of the foetus 
certain fundamental modifications 
occur m the oxygen-binding properties 
of its blood 

3 Oxygen Dissociation Curve 
of Foetal Haemoglobin — All the 
haemoglobin m the blood of the early 
foetus is of the so-called festal type , 
it can be distinguished from adult 
haemoglobin spectrographically, by its 
characteristic electrophoretic mobility, 
and in other ways The adult type 
begins to appear in the blood at mid- 
pregnancy when the bone marrow 
begins to function as a haemopoietic 
organ It forms 6% of tbe total 
circulating haemoglobin at the 20th 
week of pregnancy, 20% at birth, 

50% at 2 months post-natal, and 90% 
at A months 1 The last two values 
suggest that the foetal type of haemo- 
globin is not formed after birth and 
that the corpuscles containing it are 
destroyed during the first 4 months or 
so of post-natal life, as would be 
expected from the known survival 
time of circulating red cells (p 186) 

The outstanding functional characteristic of foetal haemoglobin is tbat its 
oxygen dissociation curve shows a marked shift to the loft compared with the 
curve for adult maternal haemoglobin (Fig 674) , (this difference is not the 
result of differences in pH value or C0 2 pressure) As a result, festal blood 
cau take up much larger volumes of oxygen than adult blood at low 0 2 
pressures Thus at 20 mm 0 2 pressure foetal haemoglobin is 70% saturated , 
at 40 mm it is 90% saturated The corresponding degrees of saturation for 
adult haemoglobin are about 20% and 70% 

4 Gaseous Interchanges in Placenta (Fig 675) —Direct determinations 
(m the cow) .showed that m the mother the arterial blood was 90% saturated 
with oxygen, and at an 0 2 pressure of 70 mm Hg , the blood in the uterine 
vein was 70% saturated, and at an 0 2 pressure of 41 5 mm In the fetus 
1 Beaven ei at , Biochem J , 1951, 49, 374 



20 40 60 60 

Qz pressure in mm fig 

Fro 674 — Changes m Oxyhismoglobm 
Dissociation Curves m Pregnancy 
(Boos and Romip, J Physiol , 1938, 
92, 261 ) 

The shaded area covers the range of dissociation 
curves of the normal adult cow Tbe con 
tlnuouB line on the left (A) Is the curve of the 
fcetal blood The Interrupted line on the 
right (B) Is tbe curve for the maternal blood 
Cow pregnant 8 months CO, pressure 
43-46 mta Hg, temp 38 6° C 
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the oxygen pressure of the blood in the umhihcal artery was 5 5 mm , that 
m the vein was 11 5 mm As the blood flows through the maternal sinuses 
the 0 2 pressure falls from the aitenal to the venous pressure level (i e from 70 
to 11 5 mm ) , as the chorionic villi dip m at many points along the maternal 
sinus (Fig 672) they are exposed to an average pressure somewhere between 
the arterial and the venous Nothing like pressure equilibrium is attained 
between the maternal and foetal blood m the placenta , thus the 0 2 pressure 
m foetal blood leaving the placenta in the umhihcal vein (115 mm ) is 30 mm 
lower than the lowest pressure attained in the maternal sinuses The mam 
reason for the unsatisfactory rate of diffusion is presumably structural m 
the lungs the oxygen m the air sacs is separated from the pulmonary capillary 
blood only by two thm endotlieha (of alveoli and capillaries) The foetal 
capillaries, on the other hand, are covered by much thicker and presumably 
much less permeable cell layers These data make it certain that the 0 2 



M— mother, F**fcctu8, P=.placcnto 

The arrows Bhow the direction of flow of the maternal and foetal circulations 
and the direction of passapo of CO, and 0, 


transfer to the fentus can be fully accounted for by simple diffusion processes 
If the foetal blood had the same oxygen-binding properties as are found 
after birth, very grave anoxic symptoms would develop An 0 2 pressure of 
11 5 mm (Fig 674) would then correspond to an oxygen saturation of less 
than 10% , m actual fact the foetal arterial blood is 50% saturated, owing 
to the change m the hcemoglobm described above The distinctive properties 
of foetal haemoglobin thus enable it to take up large quantities of oxygen at 
very low oxygen pressure, and so to overcome the twin disadvantages of a 
poorly permeable diffusion membrane m the placenta and of comparatively 
low 0 2 pressures m the maternal sinuses 

The CO 2 pressure values m the same experiments were uterine artery 
41 mm , uterine vein 46 5 mm , umbilical artery 50 mm , umbilical vein 
48 mm These differences of C0 2 pressure between foetus and mother, 
coupled with the much higher rate of diffusion of C0 2 (p 366), enable C0 2 
transfer to be satisfactorily effected 
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THE TESTIS 1 

The testis consists of ( 1 ) seminiferous tubules which form the sperms and 
(n) interstitial cells which secrete the androgen testosterone (Fig 676) 

Seminiferous Tubules Spermatogenesis — The tubules are lined by 
a t hin basement membrane, internal to which are the spei matogonia, which 
divide to form spermatocytes These in turn give rise to more medially 
situated smaller cells with deeply staining nuclei, the spermatids, and finally 
to spermatozoa (sperms) The spermatocytes undergo a reduction division 
by which their chromosome number is reduced by half, i e to 24 compared 
with 48 m somatic cells The 24th pair (or sex pair) of chromosomes m 
the male consists of two distinct entities called X and Y The reduction 
division produces two kinds of sperm , half contain 23 chromosomes + X, 
and the other half 23 similar chromosomes + Y In the ovum, the 24th (or 
sex) pair of chromosomes consists of two identical entities called X and X , 



st = Seminiferous tubules showing spermatogenesis Some interstitial cells (it) 
are seen between the tubules (After Cowdry, Text Bool of Histology, 1950) 


after the reduction division all ova contain 23 chromosomes + X The ovum 
may be fertilized by either kind of sperm Ignoring the 23 chromosomes 
which are unrelated to sex, the result of fertilization may be 

Sperm X + Ovum X= Offspring XX= Female 
Sperm Y -j- Ovum X= Offspring XY=Male 

The sex of the offspring is thus determined exclusively by the sperm 
and is quite independent of the ovum (popular belief to the contrary 
notwithstanding) 

In many species spermatogenesis occurs only during a restricted breeding 
season In man, too, no spermatogenesis occurs before puberty , but 
subsequently the process takes place continuously until it stops m elderly 
people The sperms m the seminiferous tubules, in spite of their fully formed 

1 Allen, Sex and Internal Secretions, 2nd edn , Baltimore, 1939 Robson, Recent 
Advances in Sex Physiology, 3rd edn , London, 1947 Pincus and Tlnmann, The Hormones, 
N Y , 194S, 1 , 1950, 2 Hooker, Recent Progress Hormone Research, 1948, 2, 173 
Nelson and Heller, ibid , 197, 228 Hamilton, t bid , 257 Nelson, i bid, 1951, 6, 29 
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tails, are non-motile and are believed tcv be pushed passively onwards by 
the pressure exerted by the steadily formed fresh cells into the straight 
tubules and ductuli (vasa) efferentia The latter channels are lined by a 
ciliated epithelium and a tlnn muscle coat, which propel the sperms and the 
thin fluid m which they are suspended into the epididymis 

Between the spermatogonia are the elongated supporting cells of Sertoli 
which project into the lumen of the tubule , the spermatids and sperms are 
attached to the inner margm of these cells and are alleged to be nourished 
by them 1 

Little is known about the normal rate of sperm formation It depends 
on the integrity of the 'pituitary , after hypophysectomy the seminiferous 
tubules atrophy Spermatogenesis is stimulated in the hypophysectomized 


URINARY BLADDER 



Fig 677 — Anatomy of Seminal Tract and Feinted Glands (After Cowdry, Text Bool- of 

Histology, 1950 ) 

animal by androgens (p 1113) Frequent ejaculations lead to a progressive 
reduction m the sperm count in the semen 

Seminal Tract and Related Glands 2 — The seminal tiact consists of 
the epididymis, the ductus (vas) deferens, its terminal ejaculatory duct 
which opens into the prostatic urethra, and the penile urethra The seminal 
vesicles open into the ejaculatory ducts, the prostatic glands mto the prostatic 
urethra, and the bulbo-urethral glands into the penile urethra (Fig 677) 

(I) Epididymis — The convoluted ductus epididymis is lined by a muscle 
coat and a secretory columnar epithelium , it is the mam storehouse of 
sperms While the sperms are within it they become motile, mature m other 
ways and develop a greater fertilizing power Motihty is studied m vitro in a 
warm saline solution , fertilizing power is assayed by determining the 

1 There seems to be no evidence for this oft repeated statement , most cells manage 
to nourish themselves without the aid of handmaidens 

2 Retief, Clin Proc , 1948 8, 31 
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incidence of pregnancy after carrying out artificial insemination with tlie 
sperms 

The fertilizing power of sperms from the distal end of the epididymis is 
twice as Ingli as that of sperms from the proximal end It seems therefore 
that the secretion of the epididymis normally exerts a “ spermatotroplnc ” 
action If the epididymis is tied off at both ends, the sperms retain their 
motility for 60 days and their fertilizing power for 30 days If the testes 
are removed immediately after tying off the epididymis, both these periods 
are reduced by half These effects of castration are due to absence of 
testicular hormone , they are overcome by injections of androgen, which 
restore the secretory activity of the epididymis to its normal state If 
seminal ejaculation does not occur, the sperms m the epididymis ultimately 
degenerate and undergo liquefaction , they are not passed mto the vesiculfe 
semmales or voided m the urine 

(2) Ductus Deferens — This is lined by a powerful muscle coat and a 
columnar non-cihated epithehum 

(3) Vesiculfe Seminales — Each vesicle is a muscular convoluted tube 
lined by an epithelium which secretes an alkahne yellow viscid fluid which 
forms much of the volume of the ejaculated semen 

(4) Prostate — The glands of the prostate consist of many follicle-like 
spaces leading into ducts The epithehum of the follicles secretes the prostatic 
fluid, which is thin and opalescent and gives the semen its characteristic odour 
Between the follicles there is a good deal of muscular tissue 

Prostatic Fluid — This fluid in man is shghtly acid in reaction (pH=6 4) 
It is rich in calcium and citrate (30 and 150 mEq/L respectively) and m 
acid phosphatase Fluid expressed from the resting gland by digital com- 
pression contains 100-1200 units of acid phosphatase per 100 c c , fluid 
secreted during a period of sexual excitement contains 1900-4000 units 
(cf p 1114) 

(5) Bulbourethral Glands — These form a mucoid secretion which 
is discharged into the anterior (pemle) urethra 

Seminal Fluid — (i) The semen consists of the products of the seminifer- 
ous tubules, the seminal tract (especially the epididymis) and the related 
glands, i e the seminal vesicles, the prostate and the bulbo-urethral glands 
The fluid part is contributed chiefly by the prostate and seminal vesicles 

(h) Human semen is hquid when ejaculated, but soon coagulates m vitro , 
after 15 minutes it undergoes secondary liquefaction Semen contains 
fibrinogen and thromboplastin, but no prothrombin or thrombin Though 
it is rich m calcium, the excess citrate (from the prostate) must largely remove 
the calcium from the ionic state The mechamsm of coagulation of semen is 
obscure, but it presumably involves the conversion of its fibrinogen into 
fibrin The secondary liquefaction of the fibrin is due to a specific enzyme, 
fibrinolysm, present m prostatic fluid At 37° C , 2 c c of prostatic fluid can 
hquefy 100-1000 c c of clotted human plasma m 18 hours 

(in) The volume of semen is 2-4 c c per ejaculation, which contains 
on an average 200 million sperms 

Male fertihty is reduced clinically when (a) the total sperm count falls 
below 60 million, (6) more than 20% of the sperms have abnormal heads, or 
(c) the motility of the sperms in a fresh specimen of semen is impaired 1 

(iv) Sperms form hyaluromdase, an enzyme which liquifies the hyaluronic 
1 Fame, Brit med J , 1951, u, 1476 
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acid found m mucus and m the zona pellucida of the ovum In this way the 
sperms can penetrate the normal plug of mucus in the cervix uteri and get 
through the zona pellucida which forms a tough lining surrounding the ovum 
(v) The reaction of semen is alkaline, the acid prostatic fluid being 
neutrahzed by the other components , sperms are rapidly immobilized m an 
acid medium 

Interstitial Cells — These cells develop from the mesoderm of the 
embryo , they are abundant m the fourth month of foetal life, fewer in 
the new-born, and continue to diminish to the end of childhood There is 
an increase m their number at 'puberty , they remain constant m number 
durmg sexual life m man and diminish in old age The interstitial cells are 
internally secreting cells and are usually arranged round the blood vessels , 
material with characteristic staining reactions can be traced from the cells 
into the capillaries The androgen secreted by these cells is testosterone 

(p 1110) 

It is an interesting and unexplained fact that testis extracts also contam 
oestrogen (p 1077) Certam testis tumours (teratomata) form chorionic 
gonadotrophin (p 1088) 

Secretion of testosterone presumably commences at about the age of 
puberty , androgen, however, appears m the urine earher In man, the 
primates, and the rat, testosterone is continuously secreted , most mammals, 
however, are seasonal breeders, and in them the secretion of the hormone is 
correspondingly intermittent Secretion of the hormone is depressed by under- 
nutrition, and especially by vitamindS deficiency 

Bodily Changes at Puberty — At puberty' the testes increase rapidly in 
size (Fig 600, D) and (as stated) spermatogenesis sets in The interstitial cells 
begin to secrete testosterone, and as a result the accessory organs of reproduc- 
tion (epididymis, vesiculae semmales, prostate, penis) begin to grow and the 
secondary male sex characters make their appearance The scrotal skin 
thickens , there is growth of hair on the face, trunk, and axillae , the pubic 
hair develops considerably and its upper border is convex upwards Growth 
of the larynx occurs and the voice breaks Considerable muscular develop- 
ment occurs Occasional erections and discharge of seminal fluid take place 1 
Striking psychological changes also begin to make their appearance 

Physiology of Coitus — The introduction of sperms into the vagina 
involves erection of the penis and ejaculation (emission) of the seminal fluid 
Both processes are fundamentally reflex in character and occur quite efficiently 
in a spinal man following stimulation of the glans perns or related skin areas 
(p 693) In the intact man any or many of the sense organs may constitute 
a source of appropriate afferent impulses , the response is long-circuited 
through the brain and mvolves the activity of the highest cortical levels which 
can modify the reaction either by way of reinforcement or inhibition There 
is no need to stress the enormous importance of psychological influences 
and especially of emotional states on the act of intercourse The results of 
castration show that the reflex arcs are influenced at some point by the 
internal secretion of the testes The changes occurring in coitus are considered 
below 

(i) On the efferent side, erection is brought about by the nervi erigentes 
which relax the muscle coat of the arterioles of the perns and of the spongy 
1 Such emissions are not harmful physically and need arouse no feelings of guilt 
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tissue of the corpora cavernosa and spongiosa , at the same time the dorsal vein 
of the perns is compressed The penis, which in the resting state is small, 
flabby and covered with wrinkled skin, becomes thickened, elongated and 
rigid and thus well adapted for introduction into the vagina , the angle 
which the erect perns makes with the trunk follows closely that of the vagina 
and its length is such that m people of average build the semen is deposited 
high up m the posterior part of the vagina 

(n) Friction between the glans perns and the vaginal mucosa, reinforced 
by other afferent streams and psychological factors, causes a reflex discharge 
along the sym pathetic, to the se nunaL pathw ay , the muscle coats of the 
epididymis, ductus deferens, the seminal vesicles and the prostate contract, 
and the sperms accompanied by the secretions of the accessory glands 
(p 1103) are discharged into the posterior urethra between the internal and 
external sphincters of the bladder The semen is thence ejected by the 
rhythmic contractions of the bulbo- and ischio-cavernosus muscles (supphed 
by somatic nerves) More prostatic fluid is also secreted, probably owing to 
parasympathetic stimulation of the glands During coitus the entire urethra 
thus takes on a sexual function It is important to note that the sympathetic 
nerves which are motor to the seminal tract also close the internal vesical 
sphincter and thus prevent a reflux of semen into the bladder , the contraction 
of the sphincter vesicas and the associated inhibition of the detrusor vesicas 
prevent a simultaneous discharge of urine 

(in) The account given above of the innervation of the accessory repro- 
ductive organs is supported by sound chmcal evidence Stimulation of the 
hypogastric (sympathetic) nerves at operation produces ejaculation of semen 
m man Bilateral lumbar sympathectomy below L 2 or section of the presacral 
nerve abolishes ejaculation, although penile erection and sensation remain 
normal ' A lesion of all the sacral nerves below Sj which severs the sacral 
parasympathetic outflow abolishes erection and produces relative anaesthesia 
of the penis 

(iv) The “ orgasm ” just described in the male should coincide m satis- 
factory intercourse with appropriate psychological and reflex reactions m 
the female, consisting m the latter of engorgement of the vulva, relaxation 
of the adductor muscles of the thigh and of the vaginal orifice, secretion of 
mucus by the vulval and vaginal glands and erection of the clitoris The 
vagina becomes distensible, its lining is lubricated and it becomes easily 
traversable by the penis Afferent impulses from the stimulated clitoris 
may heighten the state of psychical excitement m the female and help to 
promote a complete orgasm It is claimed that the uterus may execute 
rhythmic movements which help to aspirate the seminal fluid into its lumen, 
but the evidence is not conclusive 1 

(v) The physiological changes which take place in intercourse are by no 
means restricted to the reproductive organs and adjacent parts The usual 
accompaniments of certain kinds of emotional tension are present, eg 

1 The technique, courtesies, and resthetics of sexual intercourse are matters of out 
standing importance, yet they are never taught by the physiologist and rarely discussed 
adequately at any stage in the medical curriculum Sexual relations between civilized 
men and women are more than a matter of anatomy and physiology The reader is 
advised to consult such popular works as Mane Stopes’ Married Loie and Wise Parenthood , 
Griffith, Modern Marriage , Fielding, Parenthood. , Van der Velde, Fertility and Sterility 
m Marriage 
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acceleration of the heart (to 150 beats per minute), rise of blood pressure, 
rapid breathing, flushing of the face, and sweating Adrenaline is doubtless 
poured out and it is likely that the anterior pituitary (p 931) and the thyroid 
glands are stimulated too 

(vi) It is not known how the sperms find their way to the ovum, which 
is probably lying m the Fallopian tube Normal sperms are of course motile 
and can move at the rate of 1—3 mm per minute , but the vagina and uterine 
cavity must represent a vast uncharted sea in which the current of fluid set 
up by the movements of the cilia is in an antagonistic direction, i e towards 



Pig 678 — Effects of Castration and Androgen Treatment on Secondary Sexual Apparatus 
m Immature Rat (Ciba’s Handbook of Internal Secretions ) 

Left — Accessory organs of castrated animal Bhowing marked atrophy 

Right — Organs of castrated animal eloven days after treatment with androgen, Bhowing complete 
recovery 

the exterior There is no evidence that the ovum exerts a positive chemical 
attractive influence But the 2-4 c c of semen discharged at one emission 
may contain up to 700 million sperms (mean normal=200 million) , as only 
one need arrive for fertilization to be completed, blind chance may be the 
only factor involved 

(vn) The survival time of sperms introduced into the vagina, though 
a matter of great importance, has not yet been determined with certainty , 
it may be a day or two 1 It is said that sperms become non-motile m the 
vagina m less than 60 minutes after coituB, but remain motile m the cervix 
and body of the uterus for 25 to 40 hours , non-motile sperms of course cannot 
1 The House of Lords has rejected the suggestion put forward in a divorce suit that 
there might be an interval of some 80 days between the last act of coitus and fertilization 
This decision was certainly not a rash one 






EFFECTS OF CASTRATION 


HOT 


move “ upstream ” agamst tlie current If an orgasm occurs in the female, 
the sperms are said to enter the uterine cavity within three minutes, hut m 
the absence of orgasm only after one hour 

Extirpation of Testes — (1) Before Puberty — If the testes are 
removed there is permane nt . sterili ty , owing to absence of testosterone the 
usual pubertal changes do not occur and the accessory organs of i eproduction 
do not develop , the vesiculse semmales and prostate remain small and 
atrophic (Fig 678) There is no growth of hair on the face, trunk, or axillse , 
the pubic hair is of the female type, the outline being concave upwards , the 
growth of the larynx is arrested There may be abnormal deposition of fat , 
accumulations may be found on the buttocks, hips, pubis, and breasts The 



Fig 679 — Effects on Testis of tying Vas [Ductus] Deferens 

Seminiferous tubules atrophied, interstitial cells persist as masses of cells (Ancel and Bouin from 

Sharpe} Schafer The Endocrine Organs ) 

muscles are soft and poorly developed There is some delay in the union of 
the epiphyses, but no regular tendency to gigantism some eunuchs are short, 
others are tall, and on the whole they show the same range of variations as 
do normal people The skm is pale and tans poorly when exposed to the sun 
(2) After Puberty — Castration after puberty produces changes which 
vary very much m degree m different subjects It should be remembered 
that some of the secondary sexual characters and accessory organs depend 
on testosterone not only for their development but also for their maintenance , 
these characters or organs are depressed after castration Thus the seminal 
vesicles and prostate always atrophy Other characters or organs, having 
once developed under the influence of testosterone can persist in its absence , 
these are unaffected by castration There is, for example, no alteration in 
the voice, the perns remains of normal size (it was usually amputated in the 
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case of Eastern eunuchs) and the beard may be unaffected In some cases 
the general bodily changes resemble those described for prepubertal castration, 
in others they are not very marked Sexual desire and erection may be absent , 
but there are many instances in which sexual activity was little impaired, 
successful coitus (with ejaculation of fluid from the prostate or seminal 
vesicles) being frequently carried out for as long as twenty-five years after 
castration , m these cases the pattern of reflex behaviour which was initially 
induced by testosterone subsequently persisted m spite of its absence Rats 
or guinea-pigs may copulate for months after castration and human eunuchs 
are often quite promiscuous — ten out of twenty-five studied were found to 
be suffering from gonorrhoea 

There is no evidence that castration damages any essential functions 
except those related to reproduction , it does not shorten hfe or produce 



Fig G80 — Testis m Experimental 
Cryptorchidism (Allen, Sex and 
Internal Secretions, 1939 ) 

Section of testes (of adult guinea pig) liicli had 
been confined In the nbdomen for three 
months Note that tho seminiferous 
tubules are i crj degenerated Tho Inter 
stltlal tlssuo (it) persists 


premature senility Many castrates have shown the highest intellectual 
attainments In some, it is true that a peculiar mental state may result , 
this is more likely to be due to the psychological trauma produced by the 
castration than to loss of any internal secretion formed by the testis If 
modern psychology is to be believed, the mere subconscious fear of castration 
may produce serious mental symptoms, although the testes are functioning 
perfectly normally , it is hardly surprising that the mental results of a real 
castration are worse Lucius Apuleius, even after Ins transformation mto an 
ass, feared castration more than death 

Results of Tying Vas Deferens — If the vas [ductus] deferens is 
hgated, the subject becomes sterile, but no changes occur m either the somatic 
or the psychical sexual characteristics The interstitial cells always persist as 
definite masses of epithelial cells (Fig 679) and presumably continue to 
release their hormone The changes in the semimferous tubules are variable 
sometimes they undergo complete degeneration (Fig 679) , more commonly 
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however some spermatogenesis continues, the newly formed sperms undergoing 
liquefaction and being replaced by freshly formed cells 1 
y/ Cryptorchidism — If the testis fails to descend into the scrotum, the 
seminiferous tubules remain infantile m structure and no development of 
sperms takes place If the condition is bilateral the individual is sterile, 


4 5 



Fig 681 — Changes in Grafted Testis (Allen, Sex and 
Internal Secretions, 1939 ) 

Portion of rat testis recovered from scrotum four months after 
transplantation Tubules show all degrees of change from 
complete destruction (1), partial destruction (2, 3, 4), to 
almost normal tubules containing spermatozoa (5) 

but as the interstitial cells are structurally normal and continue to secrete, 
the secondary sexual chara'cters develop normally The lack of development 
of the seminiferous tubules m the cryptorchid is attributed to the higher 
temperature to which the gland is exposed in the abdomen compared with 
that m the scrotum , if the scrotum is kept artificially warmed, of if the testis 

1 An interesting case is recorded of a man whose wife, believing that pregnancy 
would rum her health, persuaded him to have both his vasa tied in 1939 , m addition a 
short length of each vas was excised Subsequently there v as complete absence of sperms 
from the seminal fluid Owing to temperamental incompatibilities the marriage was 
later dissolved and the man married a second wife who was anxious to have chddren 
An operation was performed (on 30th September 1949, i e after an interval of ten jears) 
to restore the continuity of ( he vasa On 8th October the semen contained no sperms , 
on 10th November it contained 9 million sperms per c c , the percentage of motile sperms 
being 10% and of abnormal forms 20% In Februarv 1950 his wife became pregnant 
Examination of the seminal fluid on 2Sth December 1950 showed a volume of 2 5 c c , a 
total count of SO million sperms per c c and 50% of motile sperms It is clear, therefore, 
that the spermatogemc potentiality of the testis may persist in spite of years of obstruc- 
tion of the vasa [Handley, Arch Middlesex Hosp , 1951, 1, 74 ] 
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is deliberately transferred to tbe abdomen (Fig 680), spermatogenesis ceases 1 
Tbe differences noted between tbe effects of cryptorchidism and those of 
castration demonstrate strikingly that tbe interstitial cells are responsible 
for tbe internal secretion which controls tbe accessory reproductive organs 
and tbe secondary sexual characters 

Testicular Grafts — Testes grafted into another animal always finally 
undergo atrophy (Fig 681) , it is uncertain to what extent such grafts liberate 
their internal secretion Apart from these doubts, testicular hormone can 
be so readily and effectively administered in simpler ways that grafting as a 
therapeutic method is quite unjustified 

Testis Hormones Androgens (Testoids) — The term androgen is used 
to describe any substance which has masculinizing properties, i e which 
promotes the growth of the accessory organs of reproduction in castrated 
male mammals (Figs 678, 683), or of the comb, wattles, and ear lobes m 
castrated male birds (Fig 682) The androgen secreted by the testis is 
testosterone , its chemistry and that of related substances is reviewed on 



Fig 682 — Effects of Androgen on Capon (Kooh, Bull N T Acad Med , 

1938, 14 ) 

A Head showing comb and wattles of castrated bird 

B Extensive growth of comb and wattles as a result of intensive treatment for eighteen 
days with androgen 

p 1076. Two weaker derivatives, androsterone and isodehydroandrosterone, 
are found m urine and represent degradation products of testosterone They 
are neutral 17-ketosteroids and constitute a small fraction of the total 
excretion of these substances m male urine (p 953) The liver is the mam 
site of inactivation and modification of androgens 

Androgen can also be extracted from the adrenal cortex (p 967) and is 
present m virilizing ovarian tumours 

1 Inadequate attention has been paid to the effects (if any) on spermatogenesis of 
wearing the kilt or of residence in a hot country If the adverse effects of raised tempera- 
ture on spermatogenesis are as great as suggested in the text one would expect to find a 
markedly reduced fertility in the Tropics , of this there is no evidence 
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Many other androgens have been artificially prepared, the most important 
clinically being methyl testosterone , which is active by mouth Even more than 
is the case with the oestrogens the activity of testosterone is enhanced when 
it is combined with fatty acids , this is especially so m the case of testosterone 
propionate 

Action of Androgens — (1) Naturally secreted testosterone is responsible 
for the development of the accessory organs of reproduction and the other 
secondary male sexual characters at puberty, and m the case of some of them 
for their persistence throughout adult life (p 1107) When injected into an 
immature animal androgen causes precocious development of the accessory 
sexual organs 

( 11 ) Androgens overcome the degenerative changes in the accessory 
sexual organs resulting from castration Thus castration produces atrophy 



Fig 683 — Influence of Castration and of Androgen on Cytology of Prostate (After) 
Moore, Price, and Gallacher, from Allen, Sex and Internal Secretions, 1939 

Celia of prostate of rat showing (black) Golgi apparatus From left to right normal cells , cells from 
animal castrated twenty days previously , similar castrate treated with androgen Note resulting 
Increase in size of cell and recovery of Golgi apparatus 


of the prostate and degeneration of the glandular epithelium , injections of 
androgen can restore the prostate to normal even after an interval of 6 months 
after castration (Eig 683) 

(m) By an action on the epididymis androgen first enhances and then 
maintains the motility and fertilizing power of the sperms which are stored 
there (p 1103) 

(iv) It is doubtless responsible m large part (initially at least) for the 
distinctive emotional jmake;UJI-of -the _male 

(v) Action on Seminiferous Tubules — In the hypophysectomized animal 
administration of androgen prevents the degeneration of the seminiferous 
tubules which otherwise occurs, and maintains spermatogenesis (p 1 113). 

Clinical Use of Androgens — These are well illustrated by the following 
case reports 1 The first is of a thin under-developed boy with the usual signs 

1 Foss, Aaucef, 1937, u, 1307, 1938, u, 1284, Brit med J , 1939, u, 11 Spence, Quart 
J Med , 1940, 9, 309 
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of defective testicular internal secretory function ( eunuchoidism , hypo- 
gonadism) Administration of methyl testosterone daily for 41 days (30 mg 
daily) led to an increase in body weight of 12£ lb (from 60£ to 72J lb ) and 
of £ inch in height This increase m muscle bulk is important, showing 
that the greater muscular development of the male is partly at least a 
secondary sexual characteristic which is dependent on testosterone The 
penis grew m length from 2 to 4 74 cm and became 7 5 cm in circum- 
ference at the glans The pubic hair began to grow, there were occasional 
erections, the scrotal skm thickened and became pink in colour and the 


June mi , 5ep{ mi 



Fig 684 — Effects of Androgen on Penis and Pubic Hair 
in case of Hypogonadism (Eunuchoidism) (Vest and 
Howard, J Urol , 1938, 1 ) 

Hypogonadal patient aged 31 The penis was small and tho pubic 
hair scanty Testosterone propionate was administered o\er 
a period of three months thero was marked growth of the 
penis and of pubic hair and thickening of the scrotal skin 


epididymides developed The boy developed a large appetite and showed 
greater vigour 

Testosterone is thus a specialized growth hormone acting mainly but not 
exclusively on the accessory organs of reproduction Like pituitary growth 
hormone it causes nitrogenous retention and increased synthesis and deposition 
of protein in certain tissues, including the skeletal muscles and scrotal skm 
Ca++, P, Na+, CT, and water are also retained 

The other case is that of a post-pubertal eunuch aged 38 who lost his 
testes as the result of a war injury at the age of 19, though the perns was 
undamaged When examined he was a typical eunuch , he was married 
but showed sexual desire only once every two or three months, accompanied 
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merely by slight penile turgidity , erection did not occur He was given 
20 mg (daily) of testosterone propionate by injection From the first day of 
treatment sexual desire was increased, erection occurred readily and was 
accompamed by good erotic sensation , coitus took place nightly, though no 
ejaculation took place (doubtless from lack of adequate secretion by the 
prostate and seminal vesicles) On the eighth day of treatment he was unable 
to sleep all night on account of persistent and painful erection, which was 
unrelieved by coitus The erect perns now measured 15 cm m length, 1 1 cm 
m circumference at the glans, and 11 5 cm at the base , it is reported that he 
now “ fully satisfied his wife ” He gained 16 lb in 12 weeks and had to 
wear bigger collars After an interval he was treated with equal success, 
with testosterone propionate solutions rubbed into the skm and with this 
course ejaculation successfully occurred It is interesting to note that hair 
grew on the regions of thigh, calf, and leg to which the hormone was applied 

Fig 684 illustrates the marked growth of the pubic hair and enlargement 
of the perns which were produced m an adult patient with defective testicular 
internal secretion as a result of three months’ treatment with testosterone 
propionate 1 

Control of Testicular Activity — (1) Anterior Pituitary — The 
anterior pituitary by means of its gonadotrophic hormones controls the 
growth, functional integrity, and activities of the testis The exact mechanisms 
involved are still uncertain and are discussed below 

(l) Hypophy8ectomy in immature male animals causes the testes to 
remain infantile , the accessory reproductive organs do not develop owing 
to lack of testosterone Hypophysectomy m adults leads to testicular atrophy 
and the same changes m the accessory reproductive organs and elsewhere as 
follow castration In Simmonds’ disease, hypogonadism (depressed spermato- 
genesis and decreased testosterone secretion) is a common finding Anterior 
pituitary grafts made into immature male animals hasten the onset of 
testicular maturity and of the other signs of puberty , m hypophysectomized 
adult animals they restore normal testicular function Anterior pituitary 
grafts made into normal animals may stimulate excessive secretion of testo- 
sterone and hence cause overgrowth of the accessory reproductive organs, 
especially of the vesiculse semmales 

(n) The inter stitial-cell- stimulating hormone ( ICSH ) initiates and sustains 
the internal secretory activity of the interstitial cells ICSH is identical 
chemically with the luteinizing hormone (LH) of the female The secretion 
of testosterone secondarily causes growth and development of the accessory 
organs of reproduction If ICSH is injected into hypophysectomized animals 
it also causes the return of spermatogenesis , this action is not a direct one 
on the seminiferous tubules but is due to the release of testosterone which in 
its turn acts on the tubules This interpretation is supported by the facts 
that m hypophysectomized animals and m patients with Simmonds’ disease 
the administration of androgen restores spermatogenesis In the intact 
animal, however, the action of administered androgen on the testis is small 
and variable 

(m) It has been supposed that the anterior pituitary (via the hormone 
known as FSH m the female) directly controls spermatogenesis This hormone 

1 The action of androgen in the female and its possible clinical uses in women is 
considered on p 1082 
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was therefore called “ gametokinetic ” to indicate that m both sexes it regulates 
the formation and maturation of the gametes (ovum or sperm) If pure FSH 
is injected into hypophysectomized animals it does not induce spermato- 
genesis If it is given together with ICSH it is claimed that the restoration 
of spermatogenesis is more complete than with ICSH alone FSH may thus 
be an accessory direct stimulating factor on the tubules and may be necessary 
for the maintenance of an optimal level of spermatogenetic activity 

(iv) The testis in its turn influences the activity of the anterior pituitary 
After castration in animals the basophil cells m the pituitary increase m size 
and number and there is increased secretion of gonadotrophin The testis, 
thus-nor mal Lyinhi bits the s ecretion of_gonadotrophin In clinical eunuchoid- 
ism due to 'primary testicular fdilure~tKdFe Is also excessive gonadotrophin 
formation, which is relatively immune to androgen treatment but is readily 
inhibited by oestrogens (When eunuchoidism is secondary to pituitary 
insufficiency there is of course decreased secretion of gonadotrophin ) 

The source and nature of the testicular inhibitory factor are still under 
consideration (a) it might be androgen , but as mentioned above excess 
gonadotrophin secretion is not inhibited by physiological doses of androgen , 
(b) it might be some other unidentified testicular “ factor,” derived perhaps 
from the seminiferous tubules 

(v) Klinefelter Syndrome 1 — Light is thrown on this problem by the 
findings in this uncommon syndrome which has the following characteristic 
features ( 1 ) the seminiferous tubules are severely damaged or hyalinized , 
the germinal epithelium and Sertoli cells are absent and no sperm formation 
occurs , (u) the interstital cells are normal in appearance and secretory 
activity as judged by the normal state of the accessory reproductive organs , 
(in) there is considerable enlargement of the breasts owing to duct proliferation 
and increase m connective tissue , (iv) there is increased excretion of gonado- 
trophin (FSH) m urine , (v) the urinary output of 17-ketosteroids is reduced 

The excessive output of gonadotrophin suggests that the pituitary has 
been released from a normal inhibitory control The testicular lesion however 
affects the tubules only , androgen secretion is unaffected It is, therefore, 
concluded that the seminiferous tubules normally secrete into the blood an 
unidentified pituitary-inhibiting factor tentatively called ** rnhibin ” 

The possible mter-relationships of anterior pituitary and testis are shown 
in Fig 685 It is probably unwise m the present state of knowledge to press 
too closely analogies between the control of the gonads m the male and female 

(vi) The anterior pituitary may control the descent of the testis , in some 
cases of undescended testes the testes have entered the scrotum following 
(and perhaps as a result of) treatment with gonadotrophic hormone 

(2) The thymus normally persists till puberty, when the reproductive 
organs develop , castration prolongs the period of persistence of the thymus 
The sex glands therefore exert a depressant effect on the thymus (p 1016) 

(3) For action of thyroid and adrenal cortex, see pp 986, 967 

The Prostate 2 — The structure, function, and hormonal control of 
the prostate were briefly considered on pp 1103, 1111 Certain other aspects 
of the gland which are of clinical importance will now be discussed 

Phosphatase in Prostate — (i) The prostate contains small and 

1 Klinefelter et al , J elm Endocrm , 1942, 2, 615 

2 Huggins, Harvey Lectures, 1946—47, 42, 148 
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unimportant amounts of alkaline phosphatase (0 5-1 3 umts/g ) m the 
capillary walls 

(n) The acid phosphatase content on the contrary is uniquely large , this 
enzyme is found m the epithelial cells and m the lumen of the glands In 
man, acid phosphatase is found m the prostate in the following concentration 
m umts/g new-born child 1 5 , adolescent 70 , adult 500-2,300 The 
increase m acid phosphatase content at puberty is due to the action of testos- 
terone , thus if a prepubertal monkey is treated with androgen, the acid 
phosphatase in its prostate increases several hundred times 

(in) The normal serum acid phosphatase content is only 3 units (or less) 
per 100 c c , it is derived from many organs, the prostate being a quite 
unimportant source because the enzyme cannot get through the walls of the 
prostatic vessels into the circulation , the serum acid phosphatase content is 
thus approximately the same m children and women as m adult men 

(iv) The physiological role of the prostatic acid phosphatase is unknown , 
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Fig 685 — Testis-Anterior Pituitary Inter- 
relationships 

if a suitable substrate (like hexosephosphate) were present m the gland with 
consequent release of inorganic phosphate, large amounts of Ca 3 (P0 4 ) 2 
would be precipitated owing to the rich Ca content of prostatic fluid Cal- 
careous masses of Ca 3 (P0 4 ) 2 commonly occur in the prostate , the surprising 
thing is that they are not larger and more frequent 

(v) Adult male urine contains 3-5 times as much acid phosphatase as the 
urine of women and children , the excess enzyme in the male is derived from 
the prostatic fluid, the composition of which was described on p 1103 

(vi) If acid phosphatase is injected intravenously it disappears from the 
blood m 3-6 hours , the normal level of serum acid phosphatase thus depends 
on a nice balance between its discharge into the blood from many organs and 
its removal from the blood 

Carcinoma of Prostate —The cells of the carcinoma form acid phospha- 
tase to a varying degree , on an average the enzyme content of the cancer is 
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l/20th that of normal prostate (the range is 19-280 umts/g ) It was ex- 
plained on p 1107 that the prostate is dependent on testosterone not only 
for its development but also for its maintenance m adult life The cells of 
the carcinoma of the prostate also depend on testosterone for their main- 
tenance but the degree of dependence varies considerably with the individual 
tumour (the cause of the carcinoma is unknown) "When the growth 
metastasizes the secondary deposits, like the parent growth, also form acid 
phosphatase When the deposits occur m the bone marrow and lymph 
glands the enzyme can pass fairly readily into the blood stream with the result 
that the serum acid phosphatase level uses from 3 umts/100 c c to 10-700 
units A serum value exceeding 10 units/100 c c is diagnostic of metastasis 
of prostatic carcinoma Secondary deposits m bone for some unknown 



Fig 686 — Effects of Castration on Serum Alkali Phosphatase and Serum 
Acid Phosphatase m case of Carcinoma of Prostate (Huggins, Harvey 
Lectures , 1947, 42, 188 ) 

Ordinate Serum phosphatase in units per 100 c c 

Abscissa Time in dajs 

At arrow Both testes removed 

Serum Alkaline Phosphatase (normal in adults 1-4 units/100 cc ) Note that the initial 
level is 75-100 units A temporary further rise followed castration, subsequently 
a rapid decline set in When clinical relapse occurred the alkaline phosphatase rose once 
more The fall was accompanied by clinical remission, the subsequent rise (at 270 
days) bj clinical relapse 

Serum Acid Phosphatase — After orchidectomy the level gradually fell from 10-16 units 
to about 5 units/100 cc It began to rise when chnical relapse occurred 

reason stimulate osteoblastic activity and so raise the local concentration of 
alkaline phosphatase with a corresponding rise of the level of serum alkaline 
phosphatase, eg to 70 umts/100 c c (Fig 686) 

Effect of Castration and (Estrogens — According to the degree to 
which the malignant cells are dependent on testosterone, the growth (both 
primary and secondary) regresses after castration or on administering 
an oestrogen (e g stilbcestrol) Adenocarcinoma is much more sensitive to 
testosterone than undifferentiated carcinoma and is therefore much more 
susceptible to oestrogen therapy The oestrogen acts (i) by inhibiting the 
release of gonadotrophin by the anterior pituitary and so decreasing natural 
testosterone secretion and (n) by peripherally competmg with and antagonizing 
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tlie action of testosterone In successful cases there is clinical improve- 
ment, and a fall of serum acid phosphatase sets in after a variable period The 
dwindling of the bone metastases leads to a temporary unexplained further 
rise of bone and serum alkaline phosphatase, which after 1-3 months rapidly 
declines towards normal (Fig 686) Some patients have remained well for as 
long as 6 years The administration of androgen makes the patient worse 
and raises the serum acid phosphatase Generally the dependence of the 
tumour on androgen is partial, so that after a variable period of oestrogen 
treatment the growth of the tumour is resumed Undifferentiated prostatic 
carcinomas are completely independent of androgen and are therefore un- 
affected by castration 

Action of (Estrogen on Nopmal Prostate — Though the prostate 
has a uniform histological appearance, the effects on it of injections of oestrogen 
suggest that it is a dual structure In the dog the prostate consists of a dorsal 
and a ventral segment , both parts respond to castration by atrophy of the 
glandular epithelium and m both parts the epithelium becomes tall and 
columnar after injection of androgen On injecting oestrogen, however, m 
the ventral part the epithelium atrophies and the acini collapse, while m 
the dorsal part the columnar epithelium becomes stratified squamous It 
has been suggested that the jwstenoi lobe of the prostate m man is functionally 
distinct from the other lobes , it is the common site of carcinoma and never 
the site of the “ benign ” enlargement 

Prostatic enlargement commonly occurs m elderly men , the cause is 
unknown It has been attributed to a decrease m androgen and an increase 
m oestrogen formation Androgen therapy however does not benefit the 
patients 
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Fro 687 — Unipolar excitation of exposed transverse surface of lateral column of spmal 
cord at first cervical level , effect on arterial pressure Decapitate preparation 
(E B Cox and N B Dreyer) 

Z a P > zero level of pressure , S, signal marking time of faradization , 1", time m secs 
In B the quicker drum makes the cardiac acceleration more obvious 

(Figure and legend from Liddell and Sherrington, Mammalian Physiology, Clarendon 
Press, 1929 ) The scales on the left represent mm Hg 

9 ' ilia 
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The preparation, as described, is decapitate , the spmal cord has been 
divided at its junction with the medulla and the bram (and head) removed, 
leaving the upper surface of the first cervical segment exposed The blood 
pressure record is of the kind obtained by inserting a cannula filled with some 
anticoagulant fluid mto a large artery (e g carotid or femoral) and connecting 
it with a mercury manometer (p 301) The movements of the mercury are 
transmitted by means of a float equipped with a writing point to the blackened 
surface of the paper fixed on the moving drum As stated, the drum is moving 
more rapidly (about twice as fast) in record B as m A 

Control Period, The arterial blood pressure in A is fluctuating between 
55 mm Hg at minimum and 60 mm Hg at maximum , it is a little lov. er 
m B The arterial blood pressure m a normal (anaesthetized) or decerebrate 
cat is of the same order of magmtude as m an intact man Why then is 
the initial level of blood pressure m this experiment so low ? The blood 
pressure depends on the product of the cardiac output and the peripheral 
resistance (p 302) The latter depends on the integrity of the vasomotor 
centre (p 303) and of the sympathetic nervous system A trans-section 
at the upper border of the spinal cord cuts off the tome discharge which 
normally passes the vasomotor centre to the sympathetic connector cells m 
segments Th 1 to L 2 of the spmal cord There is consequently universal 
vasodilatation owing to loss of arteriolar tone and the blood pressure falls 
to the level shown m the record (p 303) 

The control strip of blood .pressure record shows two kinds of oscillations 
(better seen in the fast record B than m A) The small excursions are obviously 
due to the heart beat , the larger resemble the variations that commonly 
occur with the phases of respiration 

The control heart rate in A is 24 beats m 4 sec and in B 14 beats per 2 sec 
(corresponding to a rate of 360 and 420 per minute) This is a far higher 
rate than is found in the intact animal In this preparation the vagus 
nerves have been cut off from their nuclei of ongm m the medulla After 
bilateral vagal section, normal vagal tone (or vagal restraint) is abolished , 
the heart rate is consequently markedly increased (In man, following full 
doses of atropine to “ block ” the vagal terminals, the heart rate rises to 
about 150 per minute , the maximal heart rate m man m excitement or 
exertion is under 200 per minute , the rate of the released heart in this cat 
is far more rapid ) The extent of the oscillation of blood pressure with each 
beat represents the difference between systolic and diastolic pressure, t c the 
pulse pressure In this experiment the pulse pressure as recorded is about 
2 mm Hg Is the record a reliable measure of pulse pressure ? The answer 
is that it is not A mercury manometer possesses considerable inertia , the 
pressure as recorded neither rises to the full systolic nor falls to the full 
diastolic level, but oscillates slightly round the mean blood pressure In this 
experiment, owing to the exceedingly rapid heart rate, the output per beat 
must be correspondingly reduced, so that the true (as well as the apparent) 
pulse pressure is greatly diminished 

The larger blood pressure variations, labelled tentatively “ respiratory,’ 
occur at the rate of 1 per sec or 60 per minute But how can a decapitate 
preparation breathe in the absence of the respiratory centres m the pons 
and medulla ? and how can a spmal animal survive if it cannot breathe ? 
Presumably the ammal is bemg kept alive by means of artificial respiration 
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(generally carried out with a pump connected with a cannula inserted into 
the trachea) The rate of artificial respiration (60 per minute) is high and 
it is not unlikely that the preparation is being over- ventilated and so suffering 
from carbon dioxide lack Why should the blood pressure vary with the 
phases of artificial respiration 2 The factors coming into play during natural 
respiration are analyzed on p 313 , but normal breathing differs m many 
respects from pump ventilation There is, for example, no active enlarge- 
ment of the chest cavity and no fall of intrapleural pressure during the phase 
of pump inspiration Nor are there any variations m this experiment m the 
rate of the heart with the phases of respiration (smus arrhythmia depends on 
the integrity of the vagi , in this preparation the vagus nuclei m the medulla 
have been removed) During the period of inflation of the lungs by the 
pump, the intra-pulmonary pressure is raised as the inflated lungs forcibly 
expand the chest cavity , during deflation the intra-pulmonary pressure falls 
During inflation the capillaries, venules, and veins in the lungs and in the 
chest cavity are compressed, impeding the return of blood to the left heart 
and so decreasing the cardiac output and blood pressure , the reverse occurs 
during deflation If this explanation is correct then a simultaneous record 
of blood pressure and “ respiration ” would show the blood pressure falling 
with “ inspiration ” and rising with “ expiration ” 

Period, of Stimulation During the descent of the signal line, S, the spinal 
cord is subjected to “ unipolar excitation ” and “ faradization ” What is 
“ umpolar excitation ” 2 Two electrodes are employed as follows one 
electrode is a large indifferent electrode consisting, ego fa large copper plate 
wrapped round with cotton wool soaked m saline and fixed firmly over hairless 
skin (usually the foot pad) , the active electrode is a fine wire which can be 
applied accurately to a very restricted region which is to be stimulated 
Faradization means that the primary circuit of the induction coil employed 
is rhythmically interrupted The electrodes are attached to the secondary 
circuit probably through a short-circuiting key “ Unipolar faradization is 
particularly suitable for stimulating nervous surfaces where the direction of 
the fibres to be excited hes mainly at right angles to the plane of the surface 
It is therefore fitted for experiments on pomt-to-pomt stimulations of cut 
planes of the central nervous system or the natural surfaces of the bulb or 
cortex cerebri ” Stimulation is carried out in A for 8 sec and m B for 3 5 sec 
In A after a latent period of about 0 5 sec the blood pressure begins to ascend 
smoothly but shows an increase m the rate of ascent towards the end of 
stimulation , the peak pressure attained is 110 mm Hg , the pressure falls 
to 90-100 mm Hg at the end of stimulation The heart rate obviously 
increases but accurate measurement is impossible m A In B the blood 
pressure also begins to rise after a latency of about 0 5 sec and continues to 
rise throughout stimulation to a maximum of 70 mm Hg The cardiac 
acceleration sets in somewhat later (after 1 sec ), the rate rising from about 


7 per sec to about 10 or 11 per sec (i e to over 600 per minute) 

Recovery Period On cessation of stimulation m A the blood pressure 
progressively declines to about 70 mm after 4-5 secs and stays at about this 
level with small fluctuations to the end of the record The size of the blood 
pressure variation with “ respiration ” becomes more marked towards the end 
of the period of stimulation and remains more marked to the end of the 
record In B the blood pressure returns to normal m 5-6 secs , the cardiac 
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acceleration persists after the end of stimulation, and at the end of the record 
the rate is still 8-9 per sec (over 500 per minute) 

Comment The net result of the period of stimulation is a rise of arterial 
blood pressure and acceleration of the heart, which continue for varying 
periods of time after stimulation is discontinued The simplest explanation 
of the results is that stimulation of the spinal cord leads to a discharge along 
the sympathetic nerves to the heart and blood vessels Fig 437 shows the 
chief tracts which are found m the lateral columns of the spinal cord The 
fibres involved m the reaction are presumably fibres descending from the 
brain stem to end m the lateral horns of grey matter m the thoracic and upper 
lumbar cord where the sympathetic connector cells are situated The cardiac 
acceleration is presumably due to stimulation of fibres which descend from 
the cardio-accelerator centre in the medulla to end m Th 3, 4 where the cardiac 
sympathetic fibres arise The detailed route of the sympathetic fibres to 
the heart is described on p 709 The rise of arterial blood pressure may be 
due to increased cardiac output or increased peripheral resistance or both 
Sympathetic stimulation increases the force as well as the rate of the heart 
beat , but unless the venous return is simultaneously increased or there is a 
high initial level of venous pressure the cardiac output is not increased in 
consequence In other words, the increased heart rate diminishes the output 
per beat and generally does not increase the output per minute The tracings 
give no direct evidence on these points The apparent pulse pressure is 
decreased when the heart is quickened, suggesting a decrease in stroke volume , 
but it must be remembered that, owing to the inertia of the mercury in the 
manometer, the size of the excursion per beat decreases when the heart 
quickens, even if the stroke volume is unaffected In B it is clear that the 
rise m blood pressure precedes the outset of cardiac acceleration , the blood 
pressure also declines in B while the cardiac acceleration persists It seems 
therefore that the rise of blood pressure and the cardiac acceleration are 
partly at any rate independent of one another It may be assumed therefore 
that the rise of blood pressure is partly (if not wholly) due to increased peri- 
pheral resistance Stimulation of the spmal cord excites the fibres passing 
down from the vasomotor centre to the sympathetic connector cells m Th 1 
to L 2 , impulses flow out along the sympathetic nerves (for route employed 
cf pp 709 et seq ) to the arterioles (and perhaps the capillaries and venules), 
produce vasoconstriction and so raise the blood pressure Additional data 
would be needed to provide complete proof, such as those provided by pleth} s- 
mography(p 304), blood flow (p 305), or temperature measurements (p 303) 
The after-effects must now be dealt with, ? e the persistent acceleration 
in B and the persistent elevation of the arterial blood pressure m A It is 
known that sympathetic stimulation involves two chemical intermediaries 
acetylcholine m the ganglia and adrenaline at the sympathetic terminals in 
the tissues If the acetylcholine formed during stimulation m the ganglia 
were to persist locally after cessation of stimulation it might continue to 
excite the ganglia and set up peripherally passing impulses Similarly the 
adrenaline liberated peripherally might persist, so maintaining the effects 
of sympathetic stimulation after impulses had ceased to arrive at the blood 
vessels and heart muscle There is another possibility If there is an outflow 
of impulses along the sympathetic generally m this experiment then the 
adrenal medulla may be stimulated (p 730) causing a secretion of adrenaline 
36 
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into tlie circulation , tins adrenaline will continue to produce peripheral 
effects (identical with those of sympathetic stimulation) after stimulation 
has been discontinued Secretion of adrenaline during stimulation may 
account for the step-like ascent in blood pressure already noted m A 

As previously mentioned the extent of the blood pressure excursions which 
were attributed to respiration is increased m A during the latter part of the 
period of stimulation and very obviously after stimulation has stopped It 
suggests at first sight that there is an increase m the depth of respiration 
But no natural respiration is taking place and there is no reason to suppose 
that the stroke of the pump maintaining artificial respiration has been 
increased The following suggestion may be made The degree of expansion 
of the lungs depends not only on the stroke of the pump but also on the 
resistance encountered in the respiratory passages, especially m the muscular 
bronchioles When the bronchioles are constricted, the lungs become less 
expanded , when the bronchioles dilate, the lungs undergo greater expansion 
It is possible that m A brouchiolar dilatation occurs It is known that 
sympathetic stimulation can produce broncho-dilatation 
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The preparation is decerebrate, i e the brain stem bas been trans-sected 
through or below the red nucleus and above Deiters’ nucleus, generally between 
the superior and inferior colliculi Such a preparation can breathe naturally 
and has intact central and reflex mechanisms for the regulation of heart rate and 
blood pressure , asjhe heat regulating centres have been removed, the prep- 
aration is poikilothermic No details are given of the type of myograph em- 
ployed Muscular" contraction can be studied under isometric or isotonic 
conditions (muscle tension or length respectively being recorded) In this 
example the contraction appears to be isotonic and the degree of shortening 
or lengthenmg of the muscle fibres is being studied (a cm scale has been 
appended for convenience) , an ascent of the lever represents contraction, 
a descent relaxation Inspection of the extensor record E shows that on 
stimulation of IP (ipsilateral popliteal nerve) the lever falls markedly Now 
completely unstimulated skeletal muscle is fully relaxed , there are no 
efferent inhibitory nerves to vertebrate skeletal muscle Therefore if the 
extensor muscle E at some stage undergoes relaxation beyond its original 
control level, it must have been initially in a state of contraction This 
contraction can only be due to impulses reachmg E along the motor fibres 
from controlling ventral horn cells , as ventral horn cells cannot discharge 
spontaneously they must have been undergoing afferent, i e reflex stimulation 
The extensor muscle initially is therefore in a state of reflex contraction This 
is to be expected m a decerebrate preparation in which all the extensor 
(antigravity) muscles are reflexly contracted as a result of impulses set up 
by stretch of the antigravity muscles themselves , this proprioceptive reflex 
contraction represents muscle tone which is present m heightened form and 
m unusual distribution m the decerebrate preparation and subserves its 
imperfect standing posture (cf p 583) There is no evidence in the record 
to indicate whether the flexor muscle F is initially in a state of tone or not , 
generally but not invariably the antagonistic flexors m decerebrate rigidity 
are reciprocally inhibited 

During the ascent of the signal hne IP, the ipsilateral popliteal nerve 
was stimulated for 1 5 sec Ipsdateral=of the same side , i e the popliteal 
nerve the central end of which was stimulated (by interrupted induced 
current=faradization) was on the same side (m the same limb) as the 
responding muscles 

Results of Stimulation Arcs have been inscribed by the two levers on 
the drum while stationary to indicate their direction of movement They 
trans-sect the control hne for F and E at the point of onset of stimulation 

After a latent period of about 0 1 sec , the flexor F begins to contract 
The ascent shows three or four steps and reaches its summit (5 5 cm ) after 
0 6 sec , it rises very little further (with slight irregularities) to the end of 
stimulation On cessation of stimulation the lever remains at its peak level 
or rises very shghtly for a further period about equal to the latent period 
(about 0 1 sec ) Rapid relaxation sets m to 1 1 cm , the lever falling along 
an arc almost parallel to that inscribed on the stationarv drum After a 
trivial secondary recovery there is a further fall to 0 9 cm , followed by a 
secondary rise to a peak of 1 4 cm (1 2 sec after commencement of relaxation), 
with further gradual, irregular relaxation almost to base hne (about 3 secs 
after cessation of stimulation) 

In E, after a similar latent period (0 1 sec ) the lever descends (the muscle 
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relaxes) first rapidly (showing one notch) to 3 2 cm in 0 2 sec , relaxation 
proceeds increasingly gradually (showing two further notches) right to the 
end of stimulation , the further fall is under 0 8 cm m just over 1 0 sec 
On cessation of stimulation there is a small but unmistakable after-fall 
(i e further relaxation) followed by a sharp and striking ascent of just over 
9 0 cm (more than 5 cm above control level), reaching its peak m 1 5 sec , 
the final part of the ascent is slower and irregular It is followed by a slow 
irregular descent, but at the end of the record the level of E is still 3 5 cm 
above the control level 

Comment F The latent period (p 532) is due (as m all reflexes) to the 
time spent m conduction of the impulse in the afferent and efferent nerves, 
transmission at the neuromuscular junction (p 510) and the latent period of 
the muscle itself (peripheral delay), plus the time spent m transmission m the 
central nervous system (central delay) The rate of development of contrac- 
tion, i e the rate of ascent of the lever requires careful consideration A 
reflex contraction is always a tetanus (never a twitch) A record of the motor 
tetanus of F (from farachc stimulation of its motor nerve) would have been 
valuable for purposes of comparison (cf Fig 336) Some indirect data are 
provided by the record The rate of contraction of the muscle m a motor 
tetanus is of the same order as the rate of relaxation It is quite clear that 
the rate of contraction of F is far slower than the initial substantial phase 
of its relaxation The arguments set out on p 538 indicate that the slow aBcent 
may be due to progressive recruitment of motor neurones in the motor pool 
of F under the influence of continued afferent stimulation , the steps on the 
ascent would represent the recruitment of large additional groups of motor 
neurones Reflex recruitment is the result of central summation (p 538) 
Recruitment is generally less well marked in the flexor than m the crossed 
extensor reflex (the former response tends to be of the d’eniblee type, i e all 
the motor neurones are activated approximately simultaneously) The 
stimulation plateau represents the completion of the recruitment process 
On cessation of stimulation the tension of F is maintained at plateau level 
for a time equal in duration to the latent period , this post-stimulation 
plateau is thus the result of impulses which were still travelling m the reflex 
arc when stimulation stopped Relaxation (to the extent of 5 7 cm ) then 
occurs immediately and is due to cessation of the discharge from the corres- 
ponding motor neurones which are no longer reflexly stimulated The 
subsequent terminal delayed relaxation is not due t o any peculiar inherent 
property of the peripheral nerve-muscle mechamsm , it must represent after- 
discharge, i e some motor neurones continue to discharge although impulses 
by the direct (shortest) reflex route no longer arrive at the centre As 
explained on p 539 this after-discharge may be due to impulses travelling m 
long circuits in the central nervous system The fluctuating character of the 
after-discharge contraction cannot be accounted for by the data available 
in the record , afferent impulses are, however, coming up from E, so that 
its rebound contraction (infra) may be playing some part 

E The latent period of the reflex response of E is due partly to peripheral 
and partly to central delay (as for F) Relaxation of E when it sets m is far 
slower than the mam phase of relaxation of F The relaxation must be due 
to central in hi bition , the afferent impulses in IP inhibit or arrest the dis- 
charge of the motor neurones of E But as we have seen, the rate of relaxation 
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is slower than would be expected from simple cessation of all motor impulses 
to E {eg as on cessation of a peripheral motor tetanuB) It is probable 
that the gradual relaxation which becomes progressively less rapid as stimula- 
tion continues, is due to inhibitory recruitment (cf Fig 340, p 542), i e an 
increasing number of motor neurones in the motor pool for E are brought to 
rest as afferent stimulation continues , the notches m the curve may indicate 
inhibition involving new large groups of motor neurones Inhibitory recruit- 
ment is the result of central (inhibitory) summation The after-fall (after 
cessation of stimulation) may be accounted for as follows IP contains many 
fibres, not all of which are necessarily inhibitory to E , most of them are, 
as seen by the results of stimulation of IP, but some may be excitatory The 
response of E would depend on the algebraic sum of the central effects produced 
by the inhibitory and excitatory afferents m IP on the motor pool of E These 
opposing central effects may not persist for the same length of time on cessation 
of stimulation If it is supposed that central excitation dies down more 
quickly than competing central inhibition, there would be a temporary 
accentuation of the effective central inhibition exerted on the motor pool of 
E The after-fall is followed by a very striking rebound contraction, the 
exact causation of which is unknown apart from the fact that it follows on 
central inhibition During this period the discharge of the motor neurones 
of E is temporarily enhanced above that producing the initial level of tone 
With reference to F, the ipsilateral popliteal nerve IP is an excitatory 
afferent , with reference to E, IP is an inhibitory afferent There is no evidence 
that two kinds of fibres are present m IP, one exclusively excitatory to F, 
the other exclusively inhibitory to E It is known that if the flexor F and 
the extensor E on the contralateral side were recorded, IP would prove to 
be excitatory to E (crossed extensor reflex) and inhibitory to F The antagon- 
istic effects of IP on ipsilateral F and E depend therefore on differences m 
the central terminals Fig 345 shows the supposed arrangement , some 
collaterals from IP go to F, others to E The synaptic terminals on the 
centre for F are excitatory (excitatory transmission occurring), those on the 
centre for E are inhibitory (inhibitory transmission occurring) The result 
is contraction of F (the protagonist) and reciprocal inhibition of E (the 
antagomst) permitting smooth flexion of the knee to occur The tracing 
illustrates therefore reciprocal innervation “ In this co-ordination the 
inhibition is not peripheral but central, that is, it has its seat not m the 
muscle nor m the peripheral nerves, but m the nervous centre, probably 
about the starting-point of the ‘ final common path ’ The muscle relaxes 
because the motor discharge from that centre is abated ” 

The tracing mayarouse reflections about inhibition m relation to autonomic 
and to skeletal muscle respectively The most appropriate comment can be 
given m a quotation from Sherrington 

“ Nerve makes its first appearance phylogenetically m association with 
muscle Of all tissues muscle is the closest and most delicate exponent of 
nerve-action Yet not all muscle is equally intimately tied to nervous centres 
The beat of the heart, freely separable from central nervous action, proceeds 
unimpaired after the heart’s removal from the body Similarly the intestinal 
and other visceral muscles, e g bladder, continue their rhythmic contractions 
after rupture of all extrinsic nervous ties Almost as full is the muscular in- 
dependence of the blood vessels Their tonus is m many cases impaired by 
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severance of their connexions with the neuraxis (central nervous system), 
yet the impairment is but transient Thus the contractile activity of these 
visceral and vascular muscles is fundamentally independent of central 
nervous influence Yet, to all these visceral and vascular muscles, including 
the heart itself, nerves are distributed from the central nervous system, and 
through these nerves that system does on occasion influence visceral and 
vascular activity The nature of the influence thus exerted is m all these 
cases twofold Two influences opposite in kind and direction can be exerted, 
and sometimes one is employed, sometimes the other The one augments the 
contractile activity of the muscle, the other diminishes it the former is 
termed excitatory, the latter inhibitory , and the nerve fibres which unfold 
these two influences respectively are distinct from one another 

“ In striking contrast with this large measure of independence from the 
central nervous system shown by the visceral and vascular muscles stands the 
complete dependence on that system of the skeletal muscles The contraction 
of a skeletal muscle is always the expression of a mandate sent to it from the 
neuraxis Even with the peripheral nerve-muscle preparation, a stimulus to 
the nerve throws the muscle into contraction more readily than a stimulus 
applied directly to itself After severance of its nerve, a skeletal muscle never, 
except under artificial stimulation, contracts agam Hence, when removed 
from the body, a skeletal muscle, unlike the heart, intestine, stomach, bladder, 
etc , never of itself contracts again Mere section of its nerve, even when the 
muscle remains m situ, causes it to lapse into a paralytic quietude so profound 
that its very structure becomes in a short time hardly recognisable as muscle 
Its contractive function and its very nutrition are indissolubly dependent on 
the neuraxial centre which innervates it 

“ That stimulation of the nerve of a skeletal muscle readily and regularly 
elicits contraction of the muscle was known early The discovery later 
of nerves augmenting and accelerating the contractions of the visceral 
and circulatory muscles fell into line with that previous knowledge, and 
seemed natural enough But the discovery by the Webers m 1816 that 
a nerve passing to the heart can stop or inhibit that muscle’s contraction 
seemed so surprising that at first it was by many not accepted "When assured 
as a fact, it was, however, recognized as a phenomenon of high significance, 
unlikely to stand alone Search for inhibitory nerves to other muscles was 
begun The muscle of the intestine wall was shown to have an inhibitory nerve 
(n splanchmcus, Pfluger, 1857) The ring-musculature of the submaxillary 
artery and its branches was shown to receive an inhibitory nerve (chorda 
tymparu, Bernard, 1858) Meanwhile, there was always expectation of dis- 
covery of inhibitory nerves to skeletal muscle In 1885, Pavlov discovered 
inhibitory nerves for the adductor muscles of the bivalve mollusc Anodon , 
and similarly Biederman, m 1886, inhibitory nerves for the claw muscles of 
the arthropod Astacus For the skeletal muscles of vertebrates, however, 
no such inhibitory nerves have come to light 

“ Yet it were strange did the abundant machinery of the vertebrate 
nervous system provide no means for checking or curbing the contraction of 
the muscles of its great skeletal muscular congeries That congeries, with its 
manifold individual pieces, some diametrically opposed to others, is so 
complex, and the confusion and waste of effort consequent were its opponent 
parts to obstruct each other’s action would seem so foreign to Nature’s usual 
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harmonious economy, that inhibitory as well as excitatory control appears 
a pnori almost a necessity The negative result of the search for skeletal 
inhibitories did not quell the expectation that they would ultimately be 
found , the search was often renewed It was, however, always a search 
for direct efferent inhibitory nerves passing to the muscle from the central 
nervous system on the plan already discovered for visceral and circulatory 
muscles Yet when the broad facts are kept in view, that plan does not 
appear as necessarily the one most likely to exist With the skeletal muscle, 
contraction has become so wholly dependent on the central nervous system 
that it contracts only when the immediate spinal or cranial motor centre 
summons it to do so With a muscle which contracts solely at behest of its 
motor nerve-centre, a simple plan to control the muscle is to control the 
centre And, m fact, it is now found that the inhibitory control over 
skeletal muscle is obtained by centripetal inhibitory nerves acting on the 
muscles’ motor centres , the control is not by centrifugal nerves directly 
inhibiting the muscles themselves Hence, unlike the autonomous muscles, 
visceral and circulatory, which receive two lands of centrifugal nerves, ex- 
citatory and inhibitory, the skeletal muscle receives but one nerve, namely, 
an excitatory or motor nerve No inhibitory nerve is supplied to it But its 
motor centre receives two kinds of centripetal nerves, excitatory and inhibitory 
“ The state of the skeletal muscle reflects faithfully the state of its motor 
centre Its motor centre is the only source whence impulses can reach it 
Upon that motor centre many nerve-pathB converge, transmitting to it 
nervous impulses from various receptive points and from centres elsewhere 
Of these nerve-paths some excite, others inhibit The latter, by quelling or 
moderating the discharge from the motor centre, quell or moderate the con- 
traction of the muscle The inhibition of the skeletal muscle is therefore 
always reflex , and the study of skeletal inhibition falls wholly under the 
head of reflex action The motor centre is a convergence point for various 
reflex influences competing, so to say, for dominance over the muscle The 
motor centre lies as an instrument passive in the hands of opposmg forces of 
excitation and inhibition, exerted by nerve channels which impinge upon it 
Sometimes the one influence and sometimes the other influence prevails , 
often the two are simultaneously m action, and then these opponents partially 
cancel, either spatially in proportion to the relative intensity of their respective 
stimulations, or temporally by alternating with each other rhythmically m 
their dominance over the motor centre, thus producing rhythmic reflexes ” 
[This long quotation is from Sherrington’s paper entitled “ Reflex Inhibition 
as a Factor in the Co-ordination of Movements and Postures ’ m Quart J 
exp Physiol , 1913, 6, 251-310 ] 
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glucocorticoids, 958 
1 7-liy droxycorticosterone (compound 
E), 954, 959, 960 
17-ketosteroids in unno, 952 
mmeralocorticoids, 958 
natural, which, 958 
oxycorticoids, 958 
sox hormones and, 95S 
Adrenal feminization, 968 
virilism, 968 
Adrenal gland, 723, 943 
accessory tissue, 945 
embryology, 946 
extirpation of, 945 
histology of, 943 
Adrenal medulla, 723-735 
accessory tissue, 945 n 1 
active principles of, 723 
comparative anatomy, 944 
functions of, 729 
injection of extracts of, 724 
nerve supply, 730 
nor adrenaline, 723, 729 
secretion of, and blood pressure, 731 
centre controlling, 730 
continuous, 731 
in exposure to cold, 480, 733 
hypoglycemia, 915 
physical and emotional stress 
732, 950 

methods of demonstrating, 729 
regulation, 731 
sino aortic nerves and, 734 
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Adrenal medulla, splanchnic nerve and, 730 
structure of, 943 

tumours of (phaochromocytoma), 734 
Adrenalectomy, 945 
Adrenaline, actions of, 724 

annulled by ergotoxme, 729 
anti-curare action, 727 
ephednne on, 610, 729 
in man, 725 

on adrenal cortex, 728, 950 
basal metabolism, 380, 726 
bladder, 767 
blood, 727 
blood pressure, 724 
blood sugar, 727, 857 
bronchioles, 409, 727 
capillaries, 321 
coronary arteries, 237 
eosinophil count, 951, 952 
eye, 724 

after extirpation of superior 
cervical gangbon, 516, 729 
gall bladder, 801 
heart, 274, 282, 725 
kidney, 728 
kver, 727, 857 
pituitary, 728, 931 
respiration, 404, 725 
skeletal muscle, 521, 727 
spinal cord, 728 
sweat glands, 481 
white cell count, 952 
amine oxidase and, 510 
apncea, 725 

as sympathetic transmitter, 510 
biological tests for, 729 
chemistry of, 729 
for hypoglycemia, 916 
glycosuria, 727 
m exercise, 732 
potentiation of, 729 
site of action, 728 
synthesis, 883 See Nor-adrenahne 
Adrenergic nerves, 508 
Adrenocorticotrophic hormone (adrenotro 
phin), 478 See ACTH 
Adrenogenital syndrome, 966 
Aerotonometer, Krogh’s, 367 
Afferent nervous system, 547-582 
Afferents, visceral, 735-766 
After discharge, 526, 539 
After potential in nerve, 489 
Age, and metaboho rate, 378 
Agene, poisoning, 1059 
relation to methionine, 1059 
Agglutination of red cells, 176 
Agglutinin, 176 
Agglutinogen, 176 
Agnosia, 652 
Agranular cortex, 614 
Agranulocytosis, 221 
treatment of, 220 


Agraphia, 654 

Air hunger in diabetio coma, 925 
AJactic acid debt, 439 
Alanine, 876 

Alanyl histidine (carnosine), 427 

Alarm reaction, 961, n 3 

Albumin in plasma See Plasma proteins 

Albuminuria, 28, 95, 113 

Alcaptonuna, 890 

Alcoholic cirrhosis of hver, 869 

Alcoholic neuropathy, thiamine for 1 036 

Alexia, 655 

Alimentary canal, nerve supply of 910 
glycosuria, 928 
Alkalsemia, 90 
blood calcium in, 1007 
compensations for, 91 el seq 
effect on breathing, 94, 397 
on heart, 236 

kidney, 94 el seq 
respiratory quotient, 374 
from high temperatures, 404 
overventilation, 99, 406 
0 2 lack, 400 
pathological, 99 et seq 
symptoms of, 101 
tetany from, 99, 105 
treatment of, 101, 408, 1007 
See Blood, reaction of, pathological 
Alkali reserve, measurement of, 90 
Alkaline tide, 99 
Alkalosis, 90 
Allantoin, 897 

All-or-none law, in heart, 235 
m muscle, 505 
nerve, 489 
Allocortex, 613 

Alloxan, poisons islets of Langerhans, 910 
Alternate (3 oxidation, 871 
Altttude, high, and oxygen lack, 400 
flying at, 443, 446 
Alveolar air, 363 

at high altitudes, 400 
collection of, 364 
composition of, 364 
dead space determination from, 365 
during gastric secretion, 398 
pancreatic secretion, 397 
periodic breathing, 406 
shallow breathing, 447 
sleep, 103, 405 

effect of ammonium chloride on, 397 
of diet on, 397 

excess CO s in inspired air on, 394 
oxygen lack on, 400 
following hyperpncea, 406 
gas tensions m, 367 
m achlorhydria, 398 
acidsemia, 101, 397 
alkalaemia, 100, 397 
diabetes melhtus, 100, 102, 397 
456 
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Alveolar air, in emphysema, 459 
external heat, 407, 47S 
heart failure, 450 
nephritis, 77, 45G 
starvation 901 
uremia 77, 45G 

relation of pulmonarj ventilation to, 
394 

to arterial blood, 3G7 
CO poisoning, 449 
Alveoli, diffusion rate through, 3G6 
gaseous interchanges in, 366 
structure of, 3G4 
unequal ventilation, 447 
Amenorrhoea, during lactation 1095 
gonadotrophin treatment of, 10S6 
oestrogen treatment of, 10S2 
ovarian hormone treatment of, 1074 
Animation of non nitrogenous residues of 
ammo acids, SS5 
Amine oxidaso, 510, 729 

inhibited by ephedrino, 510 
Ammo acid oxidase, SS5 
Ammo-acids, absorption of, S79 
after hepatectomy, S25 
animation of non nitrogenous residues, 
S85, 886 

ammonia formation, 8S5 
aromatic, 882 

fate of residues, S90 
converted into blood glucose, 857, SS8 
deamination, oxidative, SS6 
dynamic equilibrium, 879 
essential (indispensable), 8S1, 1051 
relation to nitrogenous equilib- 
rium, 903 
fate of, SS5 

glycme, SS0 
formulae of, S76-S7S 
glucogenic, 8S7 
in diabetes, 924 
inter-relations of, SS9 
m urme, S95 

m Fanconi syndrome, S95 
ketogenic SS7 
liver and, S25, 8SG 

non-mtrogenous residues, fate of, SS7 
pool, S79 
residues, SS6 
specific roles of, SS2 
sulphur-containing, SS2 
transamination, SS6 
turnover, 879 
urea formation ( q v ), 8S6 
utilization, 8S0 See Protem 
Ammo benzoic acid, thyroid deficiency 
from, 9S9 

Ammonia formation from ammo acids, 
885 

of urme and blood reaction, 97 
Am monium chloride, acidemia from, 9S 
dyspnoea from, 456 


Amorphous fraction of adrenal cortex 
95S, 9G0 

Amj laso, 790, S35 
Anacrotic pulse 262 

Anaemia, absent m pure vitamin C dofi 
ciencv, 1040 
achlorhidria and, 197 
anoxia from 44S 
aplastic, 194 
copper and, 194, 213 
extrinsic factor and, 200 
h'cniatinic principle and, 19S 
Immobile anaemias, 171 
hamiorrhagic, S5 
hypochromic, 16S, 212 
in biotin deficiency, 103S 
caloric deficient , 1046 
infants 207 
iron deficiency, 204 
liver disease, 204 
pregnane v, 206 
scurvy, 194 
sprue, 204 

thiamine deficiency, 1031 
thyroid deficiency, 194 
intrinsic factor and, 200 
hver treatment of, 197 
macrocytic, 16S, 196 
microcytic, 16S 
pernicious ( q v ), 196 
types of, 16S 
ventriculm and, 203 
Anemic anoxia See Anoxia 
Analysers, 6S1 
acoustic, 6S1 
cutaneous 6S2 
peripheral, 550 

study of, by conditioned differentiation, 
6S1 

visual, 6S2 
Anapliy laxis, 33S 

Androgens, actions of, on epididymis 1102 
on secondary male sex characters, 

ini 

seminiferous tubules, 1111 
sperms m epididymis, 1111 
aggravate prostatic carcinoma, 1117 
androstane 1076 

androsterone, 95S, 959, 1076, 1110 
clinical use of, 10S2 1111 

for carcinoma of breast 10S2 
eunuchoidism 1112 
menorrhagia, 10S2 
m adrenal cortex, 967 

virilizing ovarian tumours 1110 
iso dehydro androsterone, 1110 
masculinizing action, 10S2, 10S3 
methyl testosterone 1111 
secretion of, 1104 
structure of, 1076 
testosterone, 1110 
propionate, 1111 
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Androgens, useless or simple prostatic 
hypertrophy, 1117 See Testis 
Androstane, 1076 

Androsterone, 958, 959, 1076, 1110 
Anelectrotonus of nerve, 488 
Aneurm, 1025 See Thiamine 
Angina of effort, 752 
Angina pectoris, 736, 748, 749, 750, 751 
Angiotonm, 349 
Angular stomatitis, 1031, 1034 
Anhydnemia, 4, 109 
Ankle clonus m pyramidal lesions, 644 
Anovulatory menstrual cycle, 1072 
Anoxamua See Anoxia 
Anoxia, 2 442 
at high altitudes, 400 
acclimatization to (q v ), 400, 445 
alkalfemia from, 400, 445 
anremic, 448 

in hemorrhage, 82, 85, 311 

pernicious anemia ( q v }, 196, 449 
poisoning with CO, 449 
poisoning with drugs, 449 
anoxic, 446 

from alteration of alveolar epithelium, 
447 

shallow breathing, 447 
m abnormalities of heart and blood 
vessels, 448 
collapse of lungs, 448 
emphysema, 459 
heart failure, 448 
lobar pneumonia, 448 
oedema of lung, 448 
cerebral, from 0 2 excess 403 
cyanosis from, 444, 452 
delayed effects of, 444 
dyspnoea from, 456 

effects of, on circulation, 236, 274, 282, 
399, 444 

on coronary circulation, 237 
digestion, 444 
nervous system, 442 
respiration, 398, 402, 444 
spleen, 226 
in stratosphere, 446 
histotoxic (lscluemic), 450 
mechanism of action, 402 
periodic breathing m, 464 
stagnant, 450 
types of, 446 

Anoxic anoxia, 446 Sec Anoxia 
Antagonists, 649 

Anterior horn cells See Ventral horn 
cells 

Anti-cholinesterases, 509 
action on skeletal muscle, 515 
on spinal cord, 531 
chemical constitution, 510 
for myasthenia gravis, 518 
tertiary and quaternary, 510 
See Esenne Prostigmrae 


Anticoagulants, 143 
Antidiuretic hormone, 45, 51 
and ascites, 822 
m urine, 1090 
secretion of, 51 
clinical test of, 55 
emotions and, 51 
plasma osmotic pressure and, 51 
salt deprivation and, 55 
Salt excess and, 54 
water depnvation and, 54 
See Pituitary 

Antidromic stimulation vasodilatation 
from, 308, 721 
Antigen, 338 
Antigravity muscles, 584 
Antiperistalsis, 806, 810, 813 
Aorta, pressure changes in, 260 
Aortic body, 738, 745 
nerve, 735 

relation to adrenaline secretion, 734 
to blood pressure, 311, 315, 739 
heart rate, 272, 739, 
respiration, 404 
section of, 272, 311 
stimulation of 315, 739 
regurgitation, 297 
blood pressure m, 297 
capillary pulsation m, 299 
collapse of pulse in, 298 
comparison with arterio - vonou3 
aneurysm, 298 
coronary circulation in, 299 
water hammer pulse, 298 
Aphasia, varieties of 655 
agraphia, 654 
alexia, 655 
cortical, 655 
jargon, 656 
motor, 655 
nominal, 656 
semantic, 636 
syntactical, 636 
verbal, 656 
word blindness, 653 
deafness, 655 
Apneusis, 386 
Apneustic breathing, 386 
effect of anoxia on, 403 
COj on, 395 

produced by injury to respiratory 
centres, 391 

Apncea during swallowing, 100 
from CO-. lack, 406 
injection of adrenaline, 404, 723 
raised blood pressure, 404 
voluntary livperpncea, 406 
periodic breathing after, 107 
Apoenzj me, 840 
Apoferntm, 1S7, 204 
Appendicitis, pain in, 764 
Appendix, sensibility of, 764 
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Appetite juice, 678, 777 
Apraxia, 662, 665 

Aqueductus Sylvn [cerebral aqueduot], 121 
obstruction of, 126 
Aqueous humour, formation, 3 
Arachnoid villi, 123 
Area vasculosa, 160 
Arginase, 887 
Arginine, 877 
creatine synthesis, 893 
urea formation, 887 
Argyll Robertson pupil, 679 
Anboflavinosis, 1031 
Arm swinging, 662 
Arreotoros pili, nerve supply of, 709 
Arterial blood, gas tensions in, 367, 409, 
414 

-venous oxygen difference, 413 
Artenes, peripheral, sensory supply of, 
738, n 2 

Arterioles, action of tissue extracts on, 
317 

adjusted to local needs, 316 
dilator fibres to, 308 
effects of sympathectomy, 360 
in hypertension, 364 
nervous control of, 303 el seq See Blood 
pressure 

Arterio-venous anastomosis, 317 
aneurysm, artenal phenomena in, 298 
Artificial respiration, 381 
Bragg-Paul method, 382 
Drinker’s method, 382 
Eve’s rocking method, 381 
Schafer’s method, 381 
Aschheim-Zondek test for pregnancy, 1089 
Aseites, adrenal corticoids and, 823 
antidiuretic hormone and, 822 
m cardiac fadure. 111, 823, n 2 
nephrosis, 113, 823, n 2 
meat diet on, 822 
portal vein pressure m, 822 
serum albumin and, 822 
Ascorbic acid, 1038 See Vitamin-C 
m adrenal cortex, 944 
Asparagine, 877 
Aspartic acid, 877 

Asphyxia, adrenaline secretion in, 731 
dyspnoea from, 464 
Assimilation, 840 

Associated reactions (movements), 643 
Asthenia in cerebellar disease, 810 
Asthma, 409 
adrenaline for, 727 
anoxia m, 448 

conditioned reflexes and, 678 
dyspnoea in, 467 
thymic, 1017 

Asynchronous discharge of ventral horn 
cells, 392, 601, 685 
Asynergia in cerebellar lesions, 610 
AT10 (dihydrotachysterol), 1006 I 


Ataxy in cerebellar lesions, 612 
m dorsal root lesions, 660 
sensory cortical lesions, 570 
tabes, 562, 
thalamic lesions, 567 
Athetosis, 660 

Athrombocytopomc purpura, 159 
Atonia in cerebellar lesions, 608 
Atresia of Graafian follicle, 1065 
Atropbio rhinitis, oestrogen for, 1082 
Atropine, action on heart, 270, 282 
offoct on acotylchohne action, 718 
S A block, 282 
mode of action, 720 
Attitudinal reflexes, 590 
Auditory centre, 572 
path, 572 

psychic centre, 572, 653 
speech centre, 572, 653 
Sec Hearing 
Auerbach’s ploxus, 714 
Auricle, circus movement m, 291 
concertina action of, 259 
conduction rate m, 247 
extra-systoles in, 287 
fibrillation of, 293 
flutter of, 292 

general properties of fibres of, 235 
in heart block, 282 cl seq 
mitral disease, 297 
new rhythm centres in, 286 
nodal rhythm, 286 
partially refractory state m, 290 
pressure changes in, 258 
relation to P wave, 245 
to jugular pressure waves, 259 
response to rapid stimulation, 290 
ring experiment, 291 
spread of impulse in, 245 
stimulation of vagus and, 268 
systole of, 258 
Auricular complex, 247 
sound, 266 

Auricular fibrillation, 293 

intravascular clotting m, 148 
Auricular flutter, 292 
Auricular (venous, Bambridge) reflex, 273 
m exercise, 273 
heart failure, 2 73 

set up during vagal stimulation, 270 
Aunculo-ventricular node, ongm of cardiac 
impulse m (nodal rhythm), 
286 

properties of fibres of, 234 
structure of, 234 

Auneulo ventricular ring, movements of, 
267 

valves, 256 el seq 
diseases of, 296 

experimental incompetence, 296 
Auschwitz, German extermination camp, 
1050 
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Bile salts, and secretion of pancreatic 
juice, 791 

vitamin-/v absorption, 152 
bile acid-fatty acid complex, 8G3 
chemistry of, 79S 
cholagoguo action of, 798, 800 
circulation of, 798 
hydrotropic action, 863 
influence of diet on, 798 
role in intestine, 798 
Bile, secretion of, 860 

bile salts and, 800 
secretin and, 792 Sec Liver 
Bilirubin, chemistry, 188 
formation of, 188 

after total hepatectomy, 18S 
m bile, 797 

m blood, m jaundice, 190 

m pernicious an'onnn, 196 
renal threshold for, 193 
reticulo endothelial (macrophage) system 
and, 188 

van den Bergh’s test for, 189 
Biliverdin, 193, 797 
Biotin, 1020, 1028 

carboxylase reactions and, 1028 
deficiency m man, 1038 
Birth control, 1066 

Bladder (urinary), 767 See Micturition 
Bleeding time in purpura, 157 
in scurvy, 1040 
Blood, 1040 
ascorbic acid of, 1039 
ammo acid of, q v 

bicarbonate of (q v ), 28, 90 el scq , 415 
calcium of Sec Calcium 
cells of See Red blood corpuscles 
White blood corpuscles 
chloride of, q v 
cholesterol of (q v ), 799, 865 
chylomicrons m, 863 
Blood, coagulation of, 139-160 
adrenaline on, 727 
after liver injury, 153 
blood platelets and, 155, 159 
cephahn, 142 
fibrinogen, 140, 825 
heparin, 144 
in haemophilia, 150 

haimorrhagic states, 157 
obstructive jaundice, 152 
purpura, 157 
ulcerative colitis, 163 
intravascular, 147 
menstrual blood, 1072 
post operative, 149 
prevention of, 143 
by citrate, 140 
dicoumarol, 154 
heparin, 144, 147 
hirudin, 145 
oxalate, 140 


Blood, coagulation of, prevention by 
peptone, 145 
prothrombin, 141, 825 
role of calcium, 140 
thrombin, 141 
thromboplastins, 142 
tissue extracts and, 142 
vitamin-AT (q v ) and, 151 See 
Coagulation time 
Blood, creatine of, 893 
creatinine of, 28, 72 
fat of, 865 

gas analysis apparatus, 410 
Blood flow, regulation, 316 
to activo tissues, 20 
to organs, measurement of, 280, 304 
Blood, gas pressures in, 367 
Blood glucose See Glucose m blood 
Blood groups, 176 
ABO factors, 176 
determination of, 177 
inheritance of, 179, 183 
MN factors, 184 
racial distribution, 176 
Rhesus factor, 178 
lactic acid of, 1030 
lecithin of, 865 

oxygen carnage in See Oxygen 
Blood, phosphate of See Phosphorus 
Blood plasma, constituents of, 28 Sec 
Blood, Plasma and individual 
constituents 
Blood platelets, 155 

after splenectomy, 155 
destruction of, 155 
functions of, 156 
in h'emophilia, 150 

hypersplenism, 156, 229 
purpura, 159 
origin of, 155 

relation to blood clotting, 142 
Blood, potassium of, 28,73, 970 <SeePotassium 
Blood pressure, 300-318 
acetylcholine on, 718 
adenylic acid on, 317 
adrenal and, 314, 734 
adrenaline on, 724 
afferent nerves on, 311 et scq , 738 
after section of sino aortic nerves, 311 
345 

sympathectomy, 316 
trans section of spmal cord, 303 
of medulla oblongata, 303, 1118 
analysis of records, 1118 
aortic nerve and, 311, 738, 744 
blood velocity and, 303 
viscosity and, 303 
capillary See Capillaries 
carbon dioxide m blood and, 309 
carotid sinus and, 311 
cerebral anaemia and, 311 
control of, 314 
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Blood, volume of, effect of salt excess, 
62, 81 

sweating, 468, 477 
water drinking, 65, 81 
in adrenal insufficiency, 87 
amemias, 87 
bums, 344 
diabetes, 87 
heart failure, 87 
intestinal obstruction, 108 
polyoytlucmia, 87 
pyloric obstruction, 105 
renal disease, 86 
traumatic shock, 87 
undernutrition, 1046 
kidney and, 21, 80 
measurement, 9 cl seq 
normal values, 80 
regulation of, 80 
spleen and, 226 
Body fluids, 4 

effects of adrenal cortex on, 945 
cortisone on, 962 
saline ingestion, 62 
saline injection, 60 
water drinking, 56 
composition, 6 
exchanges, 6, 17 
m Addison’s disease, 955 
caloric deficiency, 1047 
volume, 9-11 

Body righting reflexes, 593 
Bond energy, 841 
Bone, 1000 

alkaline phosphatase and, 1000, 1002 
effect of adrenal cortex on, 962, 966 

anterior pituitary on, 930, 934, 935 
cortisone on, 962 
parathormono on, 1004 
thyroxine on, 979 
vitamin- A on, 1024 

•G on, 1042, 1043 
-Z> on, 1011 
growth curve of, 942 
m acromegaly, 935 
cretinism, 986 
Cushing’s syndrome, 966 
gigantism, 934 
hyperparathyroidism, 1008 
hyperthyroidism, 991 
hypoputuitarism, 930, 940 
osteomalacia, 1012 
rickets, 1010 
scurvy, 1043 
marrow, 160 

bile pigment formation m, 188 
blood vessels, 162 

development of blood platelets m, 155 
of red blood cells m, 160 et seq 
white blood cells, 216 
distribution, 160 


Bone marrow, effect of haunatimc principle 
on, 198 

of iron on, 213 

leucocytosis producing factor on, 
221 

necrosm on, 223 
nucleotide on, 220 
in agranulocytosis, 221 
aplastic anarnna, 194 
inflammation, 222 
pernicious amemia, 196 
thiamine deficiency, 1031 
relation to reticulo endothehal system 
187 

stimulated hy anoxia, 194 
study of, 163 
Botulmus toxin, 517 

Bragg-Paul method of artificial respiration, 
382 

Brain, action of hypoglyciemia on, 915 
of thiamine on, 1026 
blood flow to, 305 
blood vessels of, control of, 306 
metabolism of, 492 

ventncles of, 118 et seq See Cerebral 
cortex, etc 

Brain Stem, anatomy of, 696 
local lesions of, 704 
trans section of, 683 
tumours of, 704 
Broad, 1057 

extraction rate of flour, 1058 
fortified, 1058, 1063 
structure of wheat gram, 1057 
Breast See Mammary gland 
Breathing, adrenaline on, 404 
afferent nerves and, 404, 405 
aortic nerves and, 404 
apneustic, 386, 391 
blood pressure and, 83, 313, 404 
capacity, maximal, 455 
carbon dioxide and, 394 
carotid sinus and, 404 
cerebral blood supply and, 404 
Cheyne Stokes, 464 
chmatic conditions and, 403 
drugs on, 745 

effect on blood pressure, 310 
heart rate, 271 
pulmonary bed capacity, 313 
vasomotor centre, 303, 313 
venous pressure, 319 
venous return, 313 
haemorrhage on, 83, 404 
higher centres and, 405 
H+ ion concentration of blood and, 94, 
393, 396 
m exercise, 389 

inhibited during deglutition, 405 
m sleep, 405 
mechanism of, 391 
metabolic rate and, 375, 393 
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Breathing, oxygen excess and, 403 
oxygen lack and, 398 
periodic, 400, 406, 408 
regulation of, 384, 393 
reserve, 466 

respiratory centres and, 384 
resuscitation, 383 
rhythmic, 390 

temperature and, 403, 466, 478 
vagus and, 386 et seq 
voluntary hyperpncea on, 406 
venous pressure and, 273, 404, 461 
See Alveolar air Anoxia Basal 
metabolism Carbon dioxide 
Dyspnoea Respiratory centre 
Bnssaud type, 941 
Broca’s centre, 653 
Bronchioles, action of adrenaline, 727 
histamme on, 338, 409 
pituitnn on, 47 
in asthma, 409 

nerve supply, 409, 709, 714, 1122 
respiratory, 363 

Bromsulphthalem excretion test of liver 
function, 830 

Broivn Sequard syndrome, 695 
Brunner’s glands, 775, 792, 796 
Buerger’s disease (thromboangutis ob 
literans), 361, 751 

Buffer nerves, 272, 311 See Aortic nerve 
Carotid sinus 
substances, 91 
Bulbar outflow, 707 
Bulbo urethral glands, 1103 
Bundle o! His, anatomy of, 234 

block of, 282 See Heart block 
conduction in, 235, 246, 248 
division of branches of, 235 
general properties, 234 
m fibrillation, 294 
m flutter, 294 

relation to P-R interval, 248 
stimulation of vagus and, 268 
Bums, results of, 344 
Butler’s solution, 971 


Caisson disease, 426 
Calamus scnptonus, 697 
Calciferol, 1009 

Calcium, absorption of, 997, 998 
action on gangbon cells, 1004 
heart muscle, 236 
nerve fibres, 1004, 1005 
clotting of blood and, 140 
of milk and, 1001 

excitabihty of nervous system and, 1004 
et seq 

excretion of, 999 
m blood, 28, 998 

control of See Parathyroid 


Calcium m blood, diffusible, 998 

dihydrotachysterol (AT10) and, 
1006 

hypercalcaamia, 999, 1006 
hypocalcsemia, 999, 1007 
in alkakemia, 1007 
mdiffusible, 998 
m hyperparathyroidism, 1008 
hypervitammosis D, 1012 
nephritis, 74 
osteomalacia, 1012 
parathyroid deficiency, 1004 
rickets, 1010 
tetany, 1004, 1007 
parathyroid hormone and, 1003, 
1007 See Parathormone 
plasma proteins and, 140, 999 
reaction of blood and, 1007 
relation to serum P, 999 
vitamin D and, 1011 

Calcium, for parathyroid deficiency, 1006 
functions of, 1000 
in cerebrospinal fluid, 119 

foodstuffs, 997, 1052-1054, 1056 
milk, 997 
metabolism, 997 
ossification of bone and, 1000 
requirements, 1000 
sources of, 997, 1052-1054 
teeth and, 1013 
tetany and, 1007 
thyroid and, 979 See Bone 
Calorie, definition of, 375, n 1 
Calorie requirements, 1043 

value of foodstuffs, 1052-1054 <866 0161 
Canine hysteria, 1059 
Capillaries, 319-330 

action of adrenaline on, 321 
of cold on, 328 

dorsal nerve roots on, 309, 323 
heat on, 20, 327 

histamme on, 309, 325, 326, 33? 

“ H ” substance on, 325 et seq 
light on, 328 
metabolites on, 20, 320 
pituitnn on, 46, 321 
sympathetic on, 320 
contractile force of, 322 
hormone control of, 321 
in cold blue skm, 321 
independent contractility of 319 
m exerc se, 19, 320 

haemorrhagic telangiectasis, 159 
purpura, 157 
reactive hyperaemia, 329 
scurvy, 1043 
tissue activity, 19, 320 
triple response, 322 
warm pale skin, 321 
nerve supply of, 320 
permeability of, 6, 17-21 
abnormal, 110 
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Capillaries, permeability of, from burns, 344 
from histamine, 309, 337 
m crush injuries, 343 
heart failure. 111 
herpes, 309 
inflammation, 222 
injured skin (wheal), 324 
renal disease, 115 
urticaria, 110 
venous obstruction, 111 
pressure in, 17 

in intestine, 18 
glomeruli, 25 

pulsation, a physiological phenomenon, 
299 

in aortic regurgitation, 299 
relation to bleeding time, 16G 
to cyanosis, 451 
hemostasis, 15G 
red line, 322 
white lino, 321 

resistance of, in purpura, 157 
in scurvy, 1040 
skin colour, 321 
structure of, 319 

studied with skin microscope, 158, 319 
tone of, 320 

Carbammo hemoglobin ( carbine moglobin), 
93, 410 

Carbohydrate, absorption of, 83G 
phosphorylation and, 83G 
rate of, 83G 
role of endocrinos, 836 
vitamins, 837 

state of mucous membrane and, 83G 
as protein sparer, 903 
caloric value of, 375 
conversion into fat, 86G, 874 
of fat into, 874 
digestion of, 834 
dissimilation m tissues, 839, 84G 

citric (tricarboxylic) acid cycle, 851 
decarboxylation, 850 
glycogen or glucose to pyruvic 
acid, 847 

hexokmase reaction, 844 
hydrogen and oxygen to form 
water, 852 

pyruvic acid, fate of, 849 See 
Pyruvic acid 

uptake of glucose to form glucose 6 
phosphate, 844 
formation from protein, 857 
m diet, 1056 
food, 835 
tissues, 839 

metabolism of, 834-876 
adrenal and, 727, 946 
in diabetes melhtus, 919 
skeletal muscle, 429 
msuhn and, 911 
islets of Langerhans and, q v 


Carbohydrate metabolism of, liver and, 856 
pituitary and, 937 
thiamine and, 1026 
thyroid and, 979 
respiratory quotient of, 373 
sources of, 1052-1054 
storage of, 837, 839 See Diabetes 
melhtus Glucose Glycogen 
Insuhn 

Carbon dioxide, and apneusis, 395 
assimilation, 850 
dissolved m blood, 415 
effect of excess, on breathing, 394 
on blood vessels 310 
capillaries, 320 
chomoreceptors, 7 45 
Cheync Stokes breathing, 465 
coronary arteries, 237 
dissociation of oxyhemoglobin, 
411, 413 

heart output, 282 
heart rate, 274 
respiration, 394 
vasomotor centre, 309 
effects of lack of, 394 
fixation, 1026 

formation, mechanism of, 850 
m alveolap air, 364 
in blood, amount of, 414 

bicarbonate and, 91, 415 See Bi 
carbonate 

carbammo hemoglobin and, 93, 415 
carbonic nnhydrnse, 415 
carnage, 414-425 
chloride shift and, 93 
dissociation curves of, 416, 421 
distribution between plasma and 
corpuscles, 415 
proteins and, 418 
role of hemoglobin, 418 
transport m body, 422 
interchanges in lungs, 367, 422 
in placenta, 1100 
tissues, 422 

output, measurement of, 372 
solubility of, 366 
tension of, in blood, 367, 414 
m alveolar air, 364 
tissues, 422 
toxic action of, 395 
velocity of diffusion, 366 
Carbon monoxide, affinity for hemoglobin, 

449 

and dissociation curve of hemoglobin, 

450 

poisoning, 449 

effect on spleen, 226 
Carbonic anhydrase, 415 
Carboxylase, 850 
reaction, 1026, 1028 
biotin and, 1028 
thiamine and, 1026 
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Carcinogenic action, 1079 
Cardiac centre, 270 
failure See Heart failure 
lseluemia, 750, 751 
murmurs, 267 
oedema. 111 
sphincter, 806 
achalasia of, 815 
Cardio accelerator centre, 270 
Cardio inhibitory centre, 270 
Cardiometer, 256 
Cardiospasm, 815 
Caries, 1013, 1014 

Carnegie experiment (moderate caloric 
deficiency), 1045 
Camosine, 427 

Carotene, relation to vitamin - A, 1020, 
1021 

Carotenoids, 1021, 1022 
Carotid body, 738, 745 See Chemo 
receptors 
Carotid sinus, 736 

action potentials from, 742 
carotid occlusion on, 743 
compression of, 740 
denervation of, 744 
hyperexcitable, 740 
perfusion of, 741 

relation to adrenahne apncea, 725 
to adrenahne secretion, 734 
blood pressure, 311, 740 el seq 
heart rate, 272, 740 et seq 
hypertension, 311, 345, 744 
respiration, 404 
sleep, 766 

Carpo pedal spasm, 1005 
Caseraogen, 1095 
Castration, 1107 
Catacrotic pulse, 262 
Catalepsy, 659 

Catelectrotonus at end plates, 508 
m nerve, 488 

Cations, active transfer, 8-9 
exchange in stored blood, 7-9 
Caudate nucleus, 656 

and suppressor circuits, 621, 670 
lesions of, 622 

Cells, composition, maintenance of, 2 
membrane, permeability of, 7 
Cement substance m capillaries, 1043 
Central excitation, 528, 532 et seq 
inhibition, 528, 542 d seq 
Cephalm, 861 

and blood coagulation, 142 

Cerebellum, 602-612 

clinical disorders of, 608 
connections of, 606 
functions of, 606 
irritative lesions of, 612 
lesions of, adiadochohmesia, 611 
asthenia, 610 
asynergia, 610 


Cerebellum, lesions of, ataxy, 610 
atoma, 608 
attitude, 609 

-p . A — - e st, 609 

. 611 
decomposition of movement, 610 
deep reflexes, 610 
dysmetna, 611 
finger nose test, 611 
gait, 611 
knee jerk, 610 
nystagmus, 609 
speech, 611 

spontaneous deviation, 609 
static tremor, 609 
unilateral, 608-612 
relation to chorea and athetosiB, 661 
to posture, 607, 608 
stimulation of, 607 
structure of, 605 
tumours of, 612 
Cerebral anaemia, 731, 743 
Cerebral blood flow (circulation), 305-307 
adrenaline secretion and, 731 
control of, 306 
determination of, 305 

based on arterial venous oxygen 
difference, 306 
nitrous oxide method, 306 
direct study of, 306 
hyperventilation on, 408 
m exercise, 434 
sleep, 685 

0 2 excess on, 306, 403 
Cerebral cortex, action potentials in, 568 
615, 616, 624 

“ resting ”, 617 See Electro 
encephalogram 
agnosia, 655, 652 
agranular cortex, 614 
allocortex, 613 
apraxia, 652 
areas of, 612 
area 4, 629 
6, 629 
8, 631 

17 and 18, 637 
auditory centre, 572 
auditory psychic centre, 572 
cell layers, of, 612 
centre for smell, 582 
taste, 581 

cerebrobulbar fibres, 632 
connections of, methods of study, 
615 

electrical methods, 615 
physiological neuronography, 616 
Wallenan degeneration and chro 
matolysis, 615 
cortico-nuclear fibres, 631 
cortico-pontme fibres, 631 
cortico reticular fibres, 623, 630 
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Cerebral cortex, cortico-thalamio fibres, 618, 
631 

cytoarchitectomcs, 612 
descending tracts, 629 et seq 
Eoonomo’s differentiated areas, 614 
electroencephalogram ( q v ), 616 
excitomotor regions of, 629, 630 et 
seq 

removal of, 639 
stimulation of, 633 
epileptiform response, 635, 637 
m apes, 633 
man, 637 

eye movement centre, 631, 637 
facilitation of movement, 635 
fibre layers of, 613 

frontal, excitable regions of, 631, 
637 

tracts from 638 
type, 614 

general body sensation, 568 
granular cortex, 568, 615 
hippocampal region, 682 
hypothalamus and, 630 
mtracortical connections, 620, 669 
isocortex, 613 
Jacksonian fit, 637 
methods of study, 615 
motor area, 633 
occipital lobe, 575, 679, 637 
parietal lobe, 568, 615 
type, 614 
polar type, 614 
precentral motor cortex, 629 
prefrontal lobes ( q v ), 668 
pyramidal tracts, q v 
reversal of movement, 635 
somatic sensory, 568 

aotion potentials in, 568 
connections of, 668 
lesions of, 569 
stimulation of, 569 
structure of, 668, 615 
speech “ centres,” q v 
structure of, 612 
strychnine on, 6 16 
suppressor bands, 620 
temporal lobe, 574, 653 
types of, 614 
visual centre, 576, 6 53 
lesions of, 580 
structure of, 614 
voluntary movements, q v 
Cerebral haemorrhage, raised intracranial 
pressure from, 311 
tumour, electrical localization 628 
results of, 125 
See Brain 

Cerebrosides, 829, 862 
Cerebrospinal fluid, 3, 118 
absorption of, 123 


Cerebrospinal fluid, anatomy of, 118 
cells of, 119, 130 
colloidal benzoin reaction, 131 
gold reaction, 132 
composition of, 119 
formation of, 120 
functions of, 124 
hydrocephalus and, 121, 125 
in cerebral tumour, 126 
diabetes, 131 
general paralysis, 132 
meningo vascular syphilis, 132 
septic momngitis, 131 
tabes, 132 

tubercular meningitis, 131 
intravenous saline on, 126 
leucocytosis in, 131 
hpiodol, 130 

loculation syndrome, 129 
lumbar puncture, 130 
lymphocytosis m, 130 
Nonne Apolt reaction, 130 
pathology of, 130 
pressure of, 121, 124 
protein of, 119, 130 
Queckonstedt’s sign, 124 
relation to nerve contres, 125 
ventriculography, 120 
volume of, 120 
xanthochromia, 130 
Cervical sympathetic, 708 

relation to Horner’s Byndromo, 708 
Cetyl sulphate, inhibits hpase, 863 
Cevitamic acid, 1038 
Charcot joint in tabes, 561 
Chemical transmission See Transmission 
Chemoreceptors, 738, 745, 746 
action in hfemorrhage, 746 
of acetylcholine on, 719, 745 
cyanide on, 745 
H+ ion concentration on, 745 
nicotine on, 745 
Ojj lack on, 745 
on blood pressure, 745, 746 
localization of, 745 

Chest leads in electrocardiography, 243, 
244 

Cheyne Stokes (periodic)breathing, 406, 464 
Chicago blue, 145 

Chloride, absorption by renal tubules, 28, 
33 

concentration by kidney, 28 
in blood, 28, 73 

cerebrospinal fluid, 119, 131 
intracellular fluid, 5 
plasma, 6 

and renal function, 73 
in asthemo uraemia, 74 
unne, 28, 63, 64, 65 
lack, results of, 65, 106 
permeability of cell membranes to, 7 
shift, 420 
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Chlorine dioxide, 1059 
Chloroform poisonmg, methionine for, 
827 

Cholagogues, 798, 800 
Cholebilirubin, 189 
Cholecystography, 802 
Cholecystokimn, 802 
Cholestendes, 862 
Cholesterol, distribution of, 798 
effects of ingestion, 799 
functions of, 799 
in adrenal cortex, 944 
blood, 114, 799 
disease, 114 
pregnancy, 799 
sources, 798 
structure, 798 
synthesis of, 799 
Chohc acid, 798 
Choline, 868 

creatme synthesis and, 883 
esterase, 719 
formation, 867, 883 
lipotropic action of, 868 
necrosis of kidney and, 868 
results of deficiency, 868 
transport, 868 
See Acetylcholine 

Cholinergic nerves, 608, 623, 719, 721, 931 

Chondroitm, 145 

Chondrosamine, 839 

Chorda tympam, taste fibres in, 581 

vasodilator and secretory action of, 
714, 774 
Chorea, 660 

Chorion epithelioma, gonadotrophin m 
urine, 1088 

Chorionic gonadotrophin, 1084 
actions of, 1089 
chmcal uses, 1086 
m urme, 1088 

pregnancy diagnosis tests based 
on, 1089 

See Gonadotrophin 
Choroid plexus, 119 

action of hypertomc saline on, 127 
hypertrophy of, 125 
Chromaphil tissue, 943, 945 
Chromatolysis, 482, 494 
Chronaxie, 493 

Chronic nephritis, 76 See Nephritis 
Chvostek’s sign, 1005 
Chylomicrons m blood, 863 
Chymotrypsm, 790 
Ciliary ganghon, 708 
muscle, nerve supply, 715 
Cmchophen for gout, 899 
Circulation rate, 274 See Heart, output of 
Circulation time in man, 262 
decholin method, 263 
effect of metaboko rate, 263 
of peripheral circulation, 264 


Circulation time in man, ether method, 263 
in heart disease, 263, 295 
thyroid disease, 263 
magnesium sulphate method, 263 
sodium cyanide method, 263 
Circus movement, 292 
Cirrhosis of liver, 869 
Cistern®, cerebral, 118 
Citrate, alkaline unne after ingestion of, 
98 

effect on coagulation of blood, 140 
Citnc acid, 873 

cycle, 850, 851, 852 
Citrulkne, 878, 887 
Clarke’b column of cells, 559 
Clearance, notion of, 34 
diodrast, measures renal blood flow, 36 
mulin, measures glomerular filtration, 35 
urea, 34 

Climacteric, 1068 
Clotting See Coagulation 
Coagulation of blood, 139-160 See Blood 
coagulation Thrombin, eto 
time of blood, normal, 143 

accelerated, measurement of, 143 
effect of dieoumarol, 154 
of heparin, 144, 147 
m haemophilia, 150 
purpura, 167 

vitamin K deficiency, 151 
Co- carboxylase, 850, 1026 
Cod-liver oil, 10S7 

Coefficient of utilization of oxygen, 413 
Coenzyme (Co), 840 
A, 874, 1028 

I (Col), 839-841, 848, 849, 852, 854, 

885, 1026 

II (Co II), 839-841, 848, 849, 852, 854 

1027 

Cofactor, 840 
Coitus, ejaculation, 1105 
m spinal man, 1104 
nem erigentes, 1104 
orgasm, 1105 

physiological changes in, 1104 
sympathetic nerves and, 1105 
uterine changes during, 1105 
Cold, action on adrenal, 480, 731, 733 
blood vessels, 328 
metabolism, 282 
output of heart, 281 
thyroid, 474, 480 
agglutinin, 177 
exhaustion, 480 

nerve endmgs (end bulbs of Krause), 548 
pressor test, 328 
refrigeration, 480 
relation to cyanosis, 452 
to Raynaud’s disease, 358 
response to, 328, 481 

after complete sympathectomy, 7J5 
spots, 652 
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Collapse of lung, anoxia; n, 448 
cyanosis m, 454 
dyspnoea in 457 
of pulse, 298 

Colliculo-nuclear fibres, 578 
Colloidal benzoin reaction, 131 
Colour index, 167 
Colostrum, 1091, 1095 
Common metabolic pool. 853 
Compensatory pause, 288 
Complementary air, 362 
Compound E, 959 
F, 954, 959, 960 
lipides, 861 
S, 959 

Compressed air sickness, 426 
Conditioned reflexes, 675-687 
appetito juice and, 678, 777 
asthma and, 678 
conditioned inhibition, 678, 680 
differential inhibition, 679 
external inhibition, 678 
extinction, 679 
internal inhibition, 679 
negative, 678 
positive, 677 
production of, 676 
reinforcement, 677 
relation to sleep, 686 
secondary, 678 
spread of, 683 
study of analysers by, 681 
Conditioned stimulus, 676 
Conduction m heart muscle, 235 et seq 
in nerve, 483 et seq 
Cones, 1022 

Congenital heart disease, 333 
anoxia in, 448 
cyanosis in, 452 
Fallot’s tetralogy, 453 
patent ductus arteriosus, 333 
polycythsemia in, 453 
pulmonary stenosis, 453 
Conjugate deviation of eyes, 637 
Conjugation in kidney, 23 
in hver, 828 
Connector neurone, 704 
Consensual hght reflex, 679 
Constipation, 816 
results of, 817 

Constrictive pericarditis, 300 
Convergence accommodation reaction, 579 
Convoluted tubules See JSadney 
Coombs test for hsemolysms, 172 
Copper, distribution of, 213 
relation to blood formation, 194, 213 
Coprosterol, 799 
Coronary circulation, 237 
effect of adrenaline, 237 
of anoxia, 237 

blood composition, 237 
blood pressure, 237 


Coronary circulation, effect of CO, excess. 
237 " 

cardiac output, 237 
sympathetic, 237 
vagus, 237 

m aortic regurgitation, 299 
exercise, 238 

phases of cardiac cycle, 237 
insufficiency, 750, 751 
occlusion of, 238, 254 
pain of, 750, 752 

Corpus callosum, relation to apraxia, 653 
Corpus haimorrhagicum, 1067 
Corpus luteum, action on ovulation, 1081 
on uterine muscle, 1080, 1091 
formation, 1066 
functions of, 1079 
cestrogens m, 1077 
progesterone, q v 

relation of pituitary to, 1083 et seq 
to embedding of ovum, 1080 

growth of mammary gland, 1081, 
1092 

menstruation, 1073, 1080 
placenta formation, 1080 
“ relaxm ” m, 1081 
r61e in pregnancy, 1080 
Corpus striatum, 656-661 
anatomy of, 666 
choreo athetosis and, 661 
clinical disorders, 660 
disease of, 657, 660 

disturbance of movement, 65S 
emotional expression, 659 
movements of cooperation, 659 
poverty of movement, 659 
reflexes, 659 
rigidity, 657 
tremor, 658 

experimental lesions, 659 
Corticoids, adrenal See Adrenal corticoicL 
Cortico metaboho syndrome, 965 
Cortico nuclear fibres, 631, 638 
Corticosterone, 959 
Cortilactm, 958 
Cortisone, actions of, 961 

adrenal cortex atrophy, 963 
glycosuria, 961 
hyperglycremia, 961 
m Addison’s disease, 961 
gout, 899 
shock, 344 

Simmonds’ disease, 961 
on blood, 962 
body fluids, 962 
bones, 962 

central nervous system, 962 
kidney, 961 
musole, 962 

therapeutic effects, 963 
toxio effects, 962 
wound healing, 964, n 1 
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Cortisone, “ diene ” of, 963 
formula of, 959 

natural adrenal corticoid ’, 960 
Cozymase 840 

Cranial autonomic system, 707, 712 
nuclei, 697 et scq 
outflow, 707 

Creatine, chemistry of, 892 
distribution, 893 
formation of, 882, 893 
in blood, 893 
urine, 28, 893, 986, 991 
phosphate (phosphagen), 427, 429, 842, 
845, 893 

Creatimne, chemistry of, 892 
clearance, 37 

concentration by kidneys, 28 
in tubular fluid, 33 
formation, 894 
m blood, 28, 72 
urine, 72, 894 
Cremasteric reflex, 645 
Cretinism, 986 
Crista, 696 

Cross circulation technique, 730, 741 
Crossed anaesthesia, 704 
extensor reflex, 637, 690 
paralysis, 704 
Crus cerebn, 633 
Crush syndrome, 343 
Cryptorchidism, 1109 
Cumulus, 1066 
Cuneus, 677 
Cupula terminals, 596 
Curare, action on end plate potential, 512 
muscle, 512, 516 
synaptic potential, 524 
antagonized by adrenaline, 517 
KC1, 517 
prostigmine, 517 
in myotonia congenita, 520 
relation to myasthenia gravis, 518 
Current of action. See Action potential 
Current of injury, 484 
Cushing’s syndrome, 965, 966, 967 
Cutaneous hyperalgesia, 747, 748 See Skm 
Cyanide, action on chemoreceptors, 745 
for circulation time determination, 263 
Cyanosis, 451-455 
at high altitudes, 400 
causes of, 452 
definition of, 451 
factors modifying, 451 
m congenital heart disease, 452 
emphysema, 454, 459 
heart failure, 453 
lung diseases, 454 
methaemoglobimemia, 454 
pneumonia, 447, 454 
pneumothorax, 454 
sulph hsemoglobmmmia, 454 
tracheal and bronchial stenosis, 454 


Cyclopenteno phenanthrene, 1074 
Cycloperhydro phenanthrene, 1074 
Cystathionine, 882, 883 
Cystine and cysteine, 877, 882 
Cytochrome, 854 
oxidase, 854 
Cytosme, 878, 896 

Dachau See Starvation 
Dark adaptation, 1022, 1024 
tests for, 1023 
DCA, 959 
Dead space, 364 
Deafness, cortical, 574 
m brain stem lesions, 574 
Deamination of ammo acids, 838, 885 
Decarboxylation, 850, 1026 
Decerebrate rigidity, 583, 1124 
attitudmal reflexes, 590 
m man, 591 

labyrinthine reflexes, 591 
lengthening and shortening reaction, 
586 

levels of trans-section, 683, 585 
neck reflexes, 591 
reflex arc, 584 

segmental static reactions, 690 
stimulation of cerebellum, 607 
stretch reflexes, 688 

Decholm, for circulation time determma 
tion, 263 

Decomposition of movement in cerebellar 
disease, 610 

Decompression sickness, 425 
Decorticate preparation, 592 
Deep reflexes See Knee jerk 
sensibility, 556 et seq 
Defecation, 814 
Deglutition, 805 
centre, 805 
Dehydration, 66 
and sweating, 468, 477 
Dehydroandxosterone, 1110 
7-Dehydroeholesterol, 1010 
11 - Dehydro - 17 - hydroxycorticosterone 
(Compound E)=Cortisone [q v ), 
959 

11-Dehydrocorticosterone, 959 
Dehydrogenase, S40, 848, 849, 1027, 1028 
Delayed heat m skeletal muscle, 431 
m nerve, 491 

Denervated heart, 276, 722, 729 

muscle, action of acetylcholine on, 506, 
516, 721 

Deoxyribose, 839 

Depressor nerve See Aortic nerve 
Dermatomes, 558 
Desoxycorticoids, 958 
Desoxycortisone (compound S), 959 
11 - Desoxy - 17 - hydroxvcorticosterone 
(Compound ^), 959 
“ Desert ” Kangaroo) rat, 1090 
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Desoxycorticosterone (deoxycortone) 
acetate (DOCA, DCA), 959, 
960, 961 

Deviation of response, 635 
right axis, 255 
Dextran for transfusion, 186 
Diabetes insipidus, 49 
experimental, 49 
rfile of anterior pituitary, 51 
antidiuretic hormone, 51 
hypothalamus, 49 
thyroid, 51 

water intoxication in, 68 
Diabetes mellitus, 909, 917 
acidsemia in, 102, 924 
alveolar air in, 456, 925 
blood cholesterol in, 799 
fat, 924 

glucose, 920 et seq 
carbohydrate metabolism n, 919 
causes of, 917 
clinical, 919 
coma in, 925 
dyspnoea m, 456 
effect of adrenalectomy, 938 
of diet, 925 

hypophysectomy, 938 
experimental, 917 
fat metabolism, 923 
fatty liver, 868 
insulin resistant cases, 927 
insulin treatment of, 925 
islets of Langerhans in, 918 
ketone utilization, 924 
ketosis m, 875, 923, 924 
liver and, 920 et seq 
neoglucogenesiB, 920 
protein metabolism m, 924, 925 
respiratory quotient m, 920 
glucose tolerance curve, 921 
unne m, 102, 920 
Diabetogenic action of ACTH, 9oo 
of adrenal cortex extracts, 945 
growth hormone, 935 
factor, action on liver, 859 
insulin antagonism, 913 
Diapedesis, 222 
Diaphragm, control of, 392 
paralysis, 457 
Diastasis, phase of, 258 
Diastohc blood pressure See Blood 
pressure 
Dicrotic notch, 262 
wave, 262 
Dicoumarol, 154 

Diencephalon See Hypothalamus 
Dienoestrol, 1078 
Diet, 1043-1064 
action on bile, 798 
gall-bladder 801 
gastric secretion, 778, 780 
panoreatio secretion, 793 


Diet, blood formation and, 194, 210 
bone formation and, 1010, 1012 cl seq 
bread, 1057 

British rationing system, 1065 
calcium of, 997, 1056 See Calcium 
ealone deficiency, results of, 1045 See 
Undemutntion 
ealone requirements of, 1045 
in children, 1044 
official standards, 1044 
carbohydrate of, 1056 
cholesterol of, 798 
composition of normal, 1051 
of chief foodstuffs, 1052-1054 
copper of, 213 

effect on composition of milk, 1096 
effect on urine, 891 
energy requirements, 1043 
essential ammo acids, 881, 1051 
essentials of, 1043 
extrinsic factor in, 200 
fat of, 862, 1055 
in lactation, 1059 
pregnancy, 1059 
iodine of, 972, 987, 1056 
iron of, 204, 1059 
liver composition and, 827 
minerals of, 1056 
phosphate of, 1001, 1056 
plasma proteins and 136 
protein of, 1051 
purine of, 896 
salt of, 1056 

sex function and, 1086, 1087 
starvation (q v ), 900 
sulphur of See Sulphate 
teeth and, 1013 
undemutntion (q v ), 1045 
vitamins, 151, 1008, 1021, 1038, 1052- 
1054, 1086 

Diethyl stilboestrol, 1078 
Diffusion, 13 
of gas, 366 

of water and crystalloids, 13 
Diglycendes, 861 
Dihydro c»strone=cestradiol, q v 
Dihydrotachysterol (AT10), 1006 
Dihydroxy stilbene, 1078 
Di lodotyrosme, 972, 974 
Dilator fibres See Vasodilatation 
Dilator pupillae, nerve supply of, 708 
Dimethyl ammo azo benzene, 781 
Diodrast clearance, 36 
excretory T m , 40 

Diphasic variation See Action potential 
Diphosphoglycenc acid, 843 
Diphosphopyndme nucleotide (DPN), 840, 
1026 

Diphosphothiamme, 1025, 1026 
Disaccharides, 835 
Discus prohgerus, 1066 
Dissimilation, 839 
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Dissociated anaesthesia, 560 
Dissociation curve, for carbon dioxide, 416, 
421 

for oxygen of blood, 411 
Diuresis, from injection of sabne, 69 
from protein, 70 
urea, 54, 69 

m diabetes insipidus, 49 
diabetes mellitus, 55 
potassium chloride, 62 
tubule, 69 

water, 55 See Urine volume Kidney 
DOCA (DCA), 959, 960 
Donors, universal, 178 
Dorsal columns, tracts m, 559 
nerve roots, 658 
acetylcbobne released by, 721 
action on denervated skeletal muscle, 
721 

antidromic stimulation, 721 
branching of axons, relation to re 
ferred pain and tenderness, 758 
central connections, 558 
dermatomes, 558 
fibre varieties in, 558 
histamme released by, 309, 722 
law of Bell Magendie, 558, n 2 
relation to herpes zoster, 309 
to tabes, 561 

results of section or injury of, 560 
Sherrington phenomenon, 721 
vasodilator fibres in, 721 
visceral afferents in, 734 el seq 
Douglas bag, use of, 372 
“Draught,” 1094 

Drinker’s method of artificial respiration, 
382 

Ducts of Bellini, 23 

Ductus arteriosus, changes at birth, 332 
patent, 333 

(vas) deferens, 1102, 1108 
Duodenal bulb or cap, 807 
Duodenum, secretion of, 797 See Small 
intestine 
sensibility of, 762 
ulcer of, 787 
Dura mater, 118 

Dye methods for determining blood 
volume, 9 

Dynamic equilibrium, 879 
Dysarthria, causes of, 656 
Dyschezia, 816 
Dyslysm, 798 

Dysmetna m cerebellar disease, 611 
Dyspituitansm, 940 
Dyspnoea, 455^65 
breathing reserve, 455 
cardiac, 460 
Cheyne Stokes, 464 
definition of, 455 

from ammonium chloride, 397, 456 
disturbed acid-base equilibrium, 99,456 


Dyspnoea, from disturbed pulmonary 
circulation, 458 
increased metabohsm, 456 
mechanical and nervous hindrance 
to breathing, 456 
oxygen lack, 398, 400, 456 
pulmonary embohsm, 458 
m asthma, 457 

bronchial obstruction, 457 
diabetes, 456 
emphysema, 459 
exercise, 438 
exophthalmic goitre, 466 
nephritis, 456 

obstructed air-passages, 457, 458 
paralysis of respiratory muscles, 457 
pneumothorax, 370, 454 
pulmonary consolidation or collapse 
457 

uraemia, 77, 463 
mechanical efficiency and, 455 
neurogenic, 460 
orthopncea, 461 
paroxysmal, 463 
point, 455 

predisposing factors, 455 
vital capacity and, 363, 455 
Dyspnceic index, 455 
Dystocia, 48, 1091 
Dystrophia adiposo genitalis, 940 

Ear, 573 

Eck’s fistula, 826 

Ectopic beats See Extra systolo 

Ejaculation, 1105 

Elasticity of arteries, determination of, 262 
Electrocardiogram, 239-256 
action potential of single cardiac fibre, 
240 

chest leads, 250 
effect of serum K+ on, 970 
electrical axis of heart and, 255 
in auricular extra systole, 287 
auricular fibrillation, 293 
branoh bundle block, 285 
calone deficiency, 1047 
carotid smus compression, 740 
coronary thrombosis, 254 
heart block, mam bundle, 283 
smo auricular, 282 
hypertrophy of ventricle, 255 
myocardial lesions, 251 
nodal rhythm, 286 
scurvy, 1041 

ventricular extra systole, 270, 288 
ventricular fibrillation, 294 
ventricular wall damage, 253 
ischaemic patterns, 254 
injury potential, 252 
leads, bipolar, 243 
chest, 243, 244 
direct 240 
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Electrocardiogram, leads, indirect, 240 
limb, 242, 243 
unipolar, 242 
left axis deviation, 255 
normal, 247 
origin of waves, 240 
P-R interval, 248, 282 
P wave, 245, 247 
QRST waves, 248 
relation to heart sounds, 265 
to radial and jugular tracings, 265 
right avis deviation, 255 
ST deviation, 252 
T wave, 251 
U wave, 251 

used to study spread of cardiac impulse, 
245 See Heait 
Electrocorticogram, 618 
Electroencephalogram, 616-629 
abnormal rhythms, 627 
analyser, 624 
Berger (alpha) waves, 616 
caudate nucleus and, 621 
chmcal, 624 
effect of age, 625 

convulsant drugs, 627 
flicker, 626 

mental activity, 617, 625 
midbram trans section, 618 
overventilation, 626, 627 
sleep, 625 

suppressor bands, 620 
visual activity, 617, 625 
experimental studies, 618 
genesis of, 617 
human, 624 

in cerebral tumour, 628 
epilepsy, 627 
petit mal, 628 
photic stimulation, 627 
r61e of thalamus, 618, 621 
spike and wave (dart and dome), 627 
types of waves, 617, 625 
Electrical axis of heart, 255 
Electrotonus, of nerve, 488 
Element constant, 866 
variable, 866 
Elkmton’s solution, 971 
Embolism, in decompression sickness, 425 
Emotions, 661 

adrenaline secretion m, 732 
bodily changes m, 661, 665, 666 
central pathways of, 665 
effect on stomach, 786 
exteriorization of, 663 
production of affective states, 666 
rfile of autonomic nervous system, 662 
cerebral cortex, 642, 663, 671 
hypothalamus, 665 
subcortical nuclei, 664 
thalamus, 664 

secretion of antidiuretic hormone, 51 


Emotions, urine flow, 53 
Emphysema, 459 
acidcemia in, 103, 459 
anoxia in, 454, 460 
cyanosis, 454 
dyspncca, 459 
intrapleural pressure, 459 
pulmonary circulation in, 307 
structural changes in, 459 
Emulsification, S63 
Encephalitis lethargica, 660 
End bulb, 548 
Endergonic reaction, 841 
Endogenous fibres in spinal cord, 689 
metabolism, 890 
Endolymph, 596 
Endothermic reactions, 841 
End plate, acetylcholine at, 513 
changes after nerve section, 505 
potential, 512 
structure, 510 
transmitter at, 508, 511 
Energy bonds, 429 

output, determination of, 376 See 
Basal metabolism Jfotaboho 
rate 

requirements See Diet 
transfer, 841 

value of foodstuffs, 1052-1054 
Enophthalmos, 708 
Enterocoptive impulses, 549 
Entoroga-strone, 780 
Entorokinase, 796 
Enuresis, 771 
Enzyme protein, 840 

Eosinophil count, action of ACTH, 951, 
952 

adrenal corticoids, 951, 952 
adrenaline, 951, 952 
cortisone, 952 
in Cushing’s disease, 952 
disease, 951 
normal, 951 
Epkedrine, 510 
for myasthenia gravis, 519 
potentiates adrenaline, 729 
Epicntic sensibility, 558 
Epididymis, 1102 

Epilepsy, electroencephalogram in, 627 
experimental, 635 
Erection of perns, 1104 
Erepsm, 796 
Ergosterol, 1009 
Ergotamine ( ergotoxm ), 7 29 
produces sleep, 687 
Erythrsemia, 168 
Erythroblast, 164 
Erythroblastosis ostahs, 180 
Erythrocyte See Red blood corpuscle 
Erythropoiesis, 163, 194 
Erythropoietic capillaries, 162 
Esenne, action of, 509 
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Essential hypertension, 353 See Hyper- 
tension 
Ethanolamme, 867 

Ether, for circulation time determination, 
263 

Ethinyl oestradiol, 1078 
Ethisterone, 1081 
Euglobuhn See Globulin 
Eunuch, 1108 

post pubertal, androgens for, 1112 
Eunuchoidism, androgens for, 1112 
thymus m, 1017 

Evans’ blue, blood volume method, 9 
Eve’s rocking method, 381 
Ewald’s experiment, 698 
Excitation, central, 528, 532 et seq See 
Reflex action 
Excitatory afferent, 528 
Excitor neurone, 704 
Exercise See Muscular exercise 
Exergomc reaction, 841 
Exogenous metabohsm, 890 
Exophthalmic goitre (Graves’ disease), 
989-997 

basal metabohsm in, 379, 990 
blood lodme m, 990 
circulation in, 281, 990 
creatine in urine, 991 
dyspnoea m, 456 
eyo signs m, 991, 993 
iodine treatment of, 994 
liver function, 830 
mechanical efficiency in, 456 
operative removal, 994 
radio iodine treatment of, 997 
thiouracil treatment of, 996 
thymus in, 990 

thyrotroplnc hormone and, 990, 993 
treatment of, 994 
vital capacity in, 363, 456 
vitamin B lack and, 991 
Exophthalmos, from sympathetic stimula- 
tion, 708, 992 
thyrotrophic hormone, 981 
in Graves’ disease, 991 
Exothermic reaction, 841 
Expiratory centre, 386 
reserve volume (reserve air), 362 
‘ Extensor ’ response, 645 See Babin ski’s sign 
Extensor thrust, 590, 694 
External (lateral) geniculate body, 575 
environment, 2 
inhibition, 67S 
Exteroceptive impulses, 549 
Extinction, 679 

Extracellular fluid, 2-3 See Interstitial 
fluid Plasma Water 
volume, 10-11 

changes after Nad excess, 62 
saline injection, 60 
water dri nkin g, 56 
m Nad deprivation, 64 


Extracellular fluid, volume, changes in 
pylonc obstruction, 105 
in vater deprivation, 66 
Extra pyramidal tracts, 629, 632 
lesions of, 641 

Extra-systole, auricular, 287 
hypothalamus and, 716 
in denervated animal, 744 
ventricular, 270 288 
Extrinsic factor, 200 
Eye, autonomic supply of, 70S 

movements, cortical centre for, 631, 637 
reciprocal innervation m, 63S 
muscles, nerve supply of, 703 See Pupil 
Ej’efields, stimulation of, cortical, 637 

Facial irritability, 1005 
Facilitation, 593 
Faeces, 814, 899 
in obstruction of bile duct, 798 
pancreatic deficiency, 794 
Famting attacks from blood loss, 84 
carotid sinus compression, 740 
vago vasal syndrome, 271 
Fallopian tube, 711, 1066 
Fallot’s tetralogy, 448, 453 
Famihal periodic paralysis, 519 
Fancom syndrome, 895 
Faradization, 1120 
Fastigium, 4S0 
Fat, absorption of, 863, S64 

partition hypothesis, 863 
adipose tissue, 865 
a protein sparer, 903 
boy (Joe) of Dickens, 941 
chemistry of, 861 
content of foodstuffs 1052-1054 
conversion into carbohydrate, 874 
depots, SOS 
digestion of, 862 

dissimilation, alternate p oxidation, 871 
cleavage, 872 
complete oxidation, 865 
formation of “2 C fragments ” 

(“ acetic acid units 872 
fate of acetic acid units, 872 See 
Acetic acid 

effect on gall bladder, 801 
on stomach 780, n 3, 810 
fate of after absorption, 865 
fatty acids of, not converted into carho 
hi drate, S66 

formation from carbohj drate, S74 
from ingested fat, S65 
pyruvic acid, 853 
in blood, 863, 865 
feces, 815 
lacteals, S63 
milk, 1095 
starvation, 900 
thoracic duct, 864 
tissues, 866 
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Fat, ketone body formation, 870, 875 
liver and, 866 See Liver 
metabolism of, 861-875 

action of anterior pituitary on, 
875, 937 

dependence on carbohydrate, 874 
fatty acid oxidation, 871 See 
Fat, dissimilation of 
in diabetes, 923 

pancreatic disease, 794 
regulation of, 874 
rdlo of bile, 862 

of carbohydrate, 874 
respiratory quotient of, 373 
r61e in diet, 862, 1055 
structural, 866 
vitamins in, q v 

Fatigue, in muscle, 431, 438, 504, 521 
action of sympathetic on, 521 
in myasthenia gravis, 519 
in muscular exercise, 438 
Fat soluble vitamins, 1079 
Fatty acid, oxidation, 871 

synthesis from acetic acid units, 873 
carbohydrate, 873 
Fatty acid-bde acid complex, 863 

acids not converted into blood glucose, 858 
liver, 867 See Lipotropms 
Ferritin, 187, 204 

Fertilization, relation of hyaluromdase to, 
1104 

Fever, 480 

basal metabolism in, 378 
Fibrillary tremor, 698 
Fibrillation See Auricular fibrillation , 
Ventricle, fibrillation of 
Fibrillation potential, 506 
Fibrin, formation of, 140 cl seq 
Fibnnogen, 138, 140, 173, 1103 
Fibrinolysis, 141 
in prostatic fluid, 1103 
Fibnnopenia, 140 
Fiok principle, 278 
Fillet (lemniscus), lateral, 572 
medial, 562 et seq 
Filtering force, 18 
Filtration, 13 

and tissue fluid formation, 16 et seq 
fraction, 27 

in glomeruli of kidney, 27 el seq. 

Final common path, 527 
Finger-nose test m cerebellar lesion, 611 
in tabes, 562 
Flaccidity, 505, 583, 690 
Flare, 823 

Flavm=Flavm-ademne dinucleotide 
Flavm-adetune-dmucleotide (FADN), 839, 
840, 854, 885, 1028 
Flavoprotems, 854, 1028 
Flexor reflex, 692 

Flocculation tests of liver function, 831 
Flour, 1058 


Foetal circulation, 330 
changes at birth, 332 
Foetal respiration, 1097 
foetal changes, 1098 
gaseous interchanges in placenta, 1099 
maternal changes, 1098 
oxygen dissociation curve of fcctal 
blood, 1099 

Folic acid, 198, 884, 1020 
Folrn table (N constituents of urine), 891 
Follicle stimulating hormone (FSH), 1083, 
1086, 1113 See Gonado 

trophms 

Folhculoids, 1075 
Follmg’s disease, 890 
Foodstuffs, composition of, 1052-1054 
See Diet 

Foramen of Magondie, 118 
of Monro, 121 

obstruction of, 1 21 
Foramina of Luschka, 118 
Formate metabolism, 884 
Forward conduction, law of, 536 
Fractional test meal, acidity curves, 782 
diagnostic value, 783 
resting gastnc contents, 781 
role of gastno alkali and mucus, 783 
role of regurgitation of intestinal 
contents, 782 
technique, 781 

Fragility of corpuscles, 168 See Red 
blood corpuscles 
Free nerve endings, 548 
Frey’s hairs, 652 

Fnedman test for pregnancy, 1090 
Frohhch’s syndrome, 940 
From’s syndrome, 130 
Frontal eyefiold, 631, 637 
lobes, descending tracts from, 629 
oxcitomotor areas in, 629 el seq, 633 
See Cerebral cortex Pyramidal 
tracts 

prefrontal area, 668 See Prefrontal 
lobes 

type of cortex, 614 
Fronto-pontine fibres, 631 
Fructose, 835, 839, 844 
Fructose-1 6 diphosphate, 848 
Fructose 6 phosphate, 848 
Functional tests of efficiency of kidney, 34, 70 
of liver, 829-832 
pancreas, 792 
stomaoh, 781 
Furanose nog, 844 

Gait m cerebellar lesions, 611 
in tabes, 561 

Galactolipides, 837, 839, 862 
Galaetosamme, S39 
Galactose, 836, 837, 839 
absorption of, 836 
test of liver function, 830 
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Gall-bladder, action of adrenaline on, 801 
of bile salts on, 801 

cholecystokinin on, 802 
food on, 801 

magnesium sulphate on, 802 
peristalsis on, 801 
cholecystography, 802 
functions of, 800 
movements of, 801 
nerve supply of, 711 
removal of, 803 
reservoir action, 803 
See Bile Liver 
Gallop rhythm, 267, n 1 
Gametokmetic principle, 1114 
Gases, laws of, 365 
Gasping breathing, 391 
Gasserian ganglion, 708 

loss of taste after extirpation of, 581, 
n 1 

Gastric analysis See Fractional test meal 
Gastric juice See Stomach 
Gastric ulcer, 763, 787 

emotional state and, 787 
pam in, 763 
Gastrin, 779 
Gastro colic fistula, 797 
Gastro colic reflex, 813 
Gastro ileal reflex, 812 
Gastro jejunal ulcor, 788 
Gastro salivary reflex, 774, n 3 
“ Gastrozymin,” 780, n 1 
Gelatin, 881 

Geniculate bodies, lateral (external), 565, 
576 

medial (internal), 565, 572 
Gennan, line of, 615 
Gigantism, 934 
Ghadm, 1051 

Globulin, for haemophilia, 150 
hypertensinogon, 23, 349 
in inflammation, 222 
leucocytosis producing factor, 221, 223 
necrosin, 223 

of cerebro spinal fluid, 119, 130 
plasma See Plasma proteins 
Globus palhdus, 630, 656 
Glomeruli of kidney See Kidney 
Glossitis, 1031, 1035, 1037 
Glucocorticoids, 958 
Glucogenic ammo acids, 8S7 
Glucosamine, 839 
Glucose, 835, 844 

absorption by renal tubules, 2S, 32, 927 
in intestine, 836 

dissimilation, effects of insulin on, 912 
formation of, S56 el seq 
glycogen formation, 837 
in blood, action on brain, 915 
islets, 917 
liver, 856 
stomach, 780, 785 


Glucose m blood, adrenaline on, 727 
adrenal cortex on, 945 
after hepateetomy, 824 
hypophysectomy, 937 
sympathectomy, 715 
alimentary canal and, 860 
cortisone on, 961 
curve, 922 

in diabetes melhtus, 923 
diabetogenic hormone on, 937 
familial periodic paralysis and, 520 
formation from protein, 857 
glycotropic factor on, 939 
hormones and, 859, 860, 911, 937, 
945 

hyperglycemia (q v ), 860 
hypoglycremia (q v ), 860 
m exophthalmic goitre, 991 
ingestion of glucose and, 929 
m Houssay ammal, 938 
hypennsulinism, 916 
starvation, 901 
insuhn on (q v ), 911 
hver and, 856-859 
nervous system and, 860 
normal values, 855 
puncture of fourth ventricle on, 860 
regulation of, 860 
renal threshold level of, 928 
sympathetic stimulation on, 711, 
860 

thyroxine on, 979 

See Carbohydrate Glycogen Gly- 
cosuria Hypoglycremia In 
sukn 

Glucose in cerebrospinal fluid, 119 
glomerular filtrate, 2S 
urine See Glycosuria 
phosphorylation of, 845 
action of insulin on, 913 
pool, 855 

reabsorption T, n , 41, 927 
renal threshold for, 928 
tolerance curve, diabetic, 923 
normal, 922 

transformation into fatty acids and fat 
in diabetes, 920 

“ utilization ”, action of insulin on, 912 
“ utilization ” and dissimilation m 
diabetes, 919 See Carbohydrate 
Glycogen 

Glucose 1 -phosphate, 847 

Glucose 6 phosphate, 837, 838, 844 847 

Glu coside linkage, 844 

Glucostatic action of hver, 856 

Glucuronic acid, 839 

conjugation with, m liver, 828 
Glutamic acid, 877 
Glutamine, 877 
Glycerol, 838, 867 
Glycine, 79S, 876 
conjugation with, m hver, 828 
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Glycine, creatine synthesis, 893 
details of fate, 880 
specific role of, 880 
Glycocholate, 797 
Glycogen, 837, 844, 847 
m liver, 837 et seq , 856 
dissimilation of, 846 
formation of, 837, 856 
hormones and, 856, 859 
m diabetes, 919 
insulin and, 859, 911 
m muscle, 426, 837 
pituitary and, 859 
Glycogenesis, 856 
Glyeogenolysis, 856 
Glycosuria, 927 
ACTH, 965 
adrenaline, 727 
alimentary, 928 
cortisone, 961 

diabetogenic hormone and, 937 
m acromegaly, 941 

Cushing's syndrome, 966 
diabetes mcllitus, 920 cl scq 
exophthalmic goitro, 991 
renal disease, 928 
plilondzin, 928 
polyuria from, 921 
puncture (piqurc), 8G0 
relation to hyperglycemia, SGO 
renal, 928 
renal Tmo and, 927 
Glycotropic factor, 939 
Goitre, colloid, 987 
Goitre, exophthalmic Sec Exophthalmic 
goitre 

Simple, 986 See Thyroid 
Goitrogens, 989 
Golgi-Mazzoni receptor, 54S 
Golgi organ, 547 

Gonadotrophic hormones See Gonado 
trophm 

Gonadotrophin, actions of, 1084 
chorionic ( q v ), 1084 
follicle stimulating hormone (FSH), 
1083 

m urme at menopause, 1085 
luteinizing hormone (LH), 1083 
pituitary, 1083 

prolactin (lactogenic hormone, lactogen, 
luteotrophm), 1083 

pregnant mare serum (PMS, serum gonad 
otrophin, equine gonadotrophin), 
108 4 

regulation of secretion of, 1084 

rfile of blood hormone level, 1085 
hypothalamus, 1084 
cestrogens, 1085 
secretion m ferret, 1085 
pigeon, 1085 
rabbit, 1085 
therapeutic use of, 1086 


Gout, blood uric acid, 898 
effect of acetyl salicylic acid, 899 
ACTH and cortisone, 899 
cmchophen, 899 
colchicine, 899 
uric acid pool, 898 
Graafian follicle, 1065, 1077 
Gradients m intestine, 807 
Graft of ovary 1069 
of testis, 1110 
Granular cortex, 568, 615 
Granule cells of cerebellum, 606 
layer of cerebral cortex, 613, 615 
Granulocytes, 214 See Eosinophil White 
blood corpuscles 
Granulopoiesis, 220 
Grasp reflex, 641, 659 
Graves’ disease See Exophthalmic goitre 
Gravity, on output of heart, 2S0 
venous return, 275 
Grey ramus comtnunicans, 7 10 
Grief, changes in, 664 
Growth, curves for different organs, 942 
hormone See Pituitary 
regulation of, 941 
role of diet, 943 
of endoennes, 943 
Guanidine, 892 
Guanine, 878, S95, 897 
Gynrccogenic (feminizing) action, 10S2 


“ H ’’-substance, liberated in injured shin, 
326 

secreted by antidromic vasodilators, 309 
See Histamine 

II Tin, 173 

Hiematin, obstructing renal tubules 182 
Hsematmic principle, 198 
H ematoent, 10 
value, 10 

Hrcmatomyeha, 560 
Hcomatopoiesis, 160 et scq 
Hrematoporphyrm, 174 
HcCmobilirubm, 188 
HTmochromatosis, 213 
II Tmo chromogen, 174 
HTmocyamn, 213 
Hvmofuscm, 214 
Haemoglobin, 173 ct seq 

altered, relation to cyanosis, 454 
average corpuscular, 167 
bicarbonate solution and, 4 18 
buffering action of, 93 
carbamino (carb) , 93, 416 
carbon monoxide, 449 
chemistry of, 174 
CO a carriage and, 418 
derivatives of, 174 
diminished m anaemic anoxia, 449 
dissociation curves of 411, 416 
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Haemoglobin, fate m body, 187 
foetal, 1099 
formation of, 194, 210 
role of bile, 210 

copper, 199, 213 
infection, 212 
iron, 205 cl seq Sec Iron 
protein, 210 
functions of, 175 

in amemia, 168 el seq , 194, 204 See 
Anaemia 

red cells, 167, 175 
mean corpuscular, per cent , 167 
methiemoglobin, 174, 449, 454 
normal amount in blood, 175 
oxygen carnage and, 409-414 
pathological alteration of, 449, 454 
reduced, relation to cyanosis, 451 
regeneration of, dietic control, 194 
suiph haemoglobin 454 
Hemoglobinuria, after transfusions, 181 
paroxysmal, 177 
Hcemolvsins, action of, 170 
relation of spleen to 228 
Haemolysis, after blood transfusion, 181 
with hypotonic saline, 168 
Haemolytic disease, 180 
jaundice, 190 
congenital, 220 
sera, injection, 170 
Haemophilia, 150 
inhentanco of, 150 
treatment of, 150 
Haemorrhage, 81-86 
chemoreceptors m, 746 
compensatory reactions, 82, 83 
relation to shock, 341 
restoration of blood, 84 
treatment with blood transfusion, 86 
with liver extracts, 210 
plasma, 86 
proteins, 210 
saline, 85 

Haemorrhagic states, duo to decreased 
prothrombin, 151 
defective blood clotting, 157 
defective capillary contractility, 157 
fibrinogen lack, 140 
haemophilia, 150 
haemorrhagic telangiectasis, 159 
liver disease, 153 
purpura, 157 
scurvy, 1041, 1042 
utamin K deficiency, 153 
Hfcinosidcnn, 214 
Haemostasis, mechanism of, 156 
Hair follicles, sensitivity, 553 
Haldane gas analysis apparatus, 372 
Hamburger phenomenon, 420 
Hassall, corpuscles of, 1016 
Hearing, clinical disturbances of, 574 
nervous pathway for, 572 


Hearing, peripheral mechanism of, 573 
Heart, action of acetylcholine on 718 
of adrenaline on, 725 cl seq 
atropine on, 270, 2S2 
histamine on, 337 
hypertensin on, 350 
ions on, 236 
pituitrm on, 46 

thyroxine on, 274, 979 See Heart, 
muscle Heart output Heart 
rate 

afferents from, 272, 736 
efferents to, 234, 270, 709, 712 
Heart block, 282 

branch bundle, 283 
effects of, 284 

from compression of carotid sinus, 740 
stimulation of vagus, 268 
main bundle, 282 
sino auricular, 282 
Stokes- Adams syndrome and, 284 
Heart, denervated, 722, 729 
Heart failure, 295 

acidoemia in, 103, 461 
alkalamna m, 98, 461 
anoxia in, 450 
auricular reflex in, 273 
basal metabolism in, 380 
cardiac output in, 295 
Cheynes Stokes breathing in, 464 
circulation tune in, 262, 295 
cyanosis in, 453 
dyspnoea m 460 
effects of exertion, 461 
in aortic regurgitation, 297 
mitral disease, 296 
kidney in. 111 
hver in, 760 
(Edema in. 111 
ortkopnoea, 461 
paroxysmal dyspnoea, 463 
pulmonary oedema, 117 
right ventricular pressure in, 260 
venous pressure m. 111, 319 
ventricular, 295 
vital capacity m 362, 460 
Heart, force of, 235, 275 

diastolic pause and, 277 
initial length of fibres and, 275 
nutrition and oxygen supply and, 
236 cl seq , 277 

Heart, hypertrophy of, 277, 297 
junctional tissues of 233 
law of, 275 

Heart lung preparation, 276 
Heart, movements of 264 
Heart muscle, all or none law, 2 55, 4S9 
blood supply , 237 
conductivity of 233 247 
contractility , 235 
electrical changes in 239 of teq 
excitability of 235 
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Heart muscle, latent period, 236 
law of, 275 
metabolism of, 236 
nutrition of, 236 
oxygon consumption, 237 
oxygen debt, 237 
perfusion of, 236 
properties of, 236 
rate of conduction in, 235 
refractory period of, 235 
rhythmicity, 236 
structure, 233 

Heart, nerve supply of, 268 See Vagus 
Sympathetic 
Heart, nutrition of, 236 

coronary circulation ( q v ) and, 237 
effect of blood pressure, 237 
of Ca, K, Na, 236 

H+ ion concentration, 236 
Heart, origin and spread of impulse in, 239 
cl seq 

electrical method of study, 239 
origin m S A node, 245 
spread in auricles, 245 
m bundle of His 246 

ventricles, 246 See Electro 
cardiogram 
Heart, output of, 274-282 
at rest, 280 
control of, 274 
distribution of, 280 
effect of blood volume, 82 
of body weight, 282 
capillary tone, 275 
cold, 281 
COj, 282 
food, 281 

force of heart, 275 
gravity, 275 
hmmorrhage, 82 
heat, 281, 477 
metabolism, 281 
muscular contraction, 274 
oxygen lack, 282 
posture, 280 
rate of heart, 277 
respiration, 275 
sahne injection, 60 
vagus stimulation, 269 
venous return, 274 
in aortic regurgitation, 298 
auricular fibrillation, 294 
exercise, 281 

exophthalmic goitre, 281, 990 
heart block, 277, 284 
heart failure 277 
heart lung preparation, 276 
histamine poisoning, 337 
mitral incompetence, 296 
mitral stenosis, 287 
myxcedema 281, 983 
paroxysmal tachycardia, [277, 290 


Heart, output of, m patent ductus 
arteriosus, 333 
m shock, 340 

methods of determining, 278 
direct Pick method using 0 2 m 
man, 279 

Pick pnnciplo, 278 
Hill’s, in exercise, 279 
relation to blood pressure, 278 
Heart, oxygen consumption, 237 
Heart, oxygen lack, effect on, 2 36, 383 
Heart, perfusion of, 236 
Heart, pressure changes in, 256 
Heart, rate of, 270-274 

cardiac centres, 270 
effect of acetylcholine, 718 
of adrenahne, 725 
afferent nerves, 272 
aortic nerve and, 272, 738, 744 
atropine, 270 
auricular reflex, 273 
carotid sinus, 272, 738, 744 
COj excess, 274 
complete sympathectomy, 715 
hemorrhage, 83 
higher centres, 271 
hypothalamus, 716 
muscular exercise, 273, 274 
oxygen lack, 273 
parasympathetic transmitter* 
719 

raised intracranial pressure, 274 
respiration, 271 
sympathetic, 270, 1119, 1121 
sympathetic transmitter, 722, 
729 

tomperature, 274, 470 
thyroxino, 274, 979 
vagus, 270, 1119 
in calorie deficiency, 1047 
exophthalmic goitre, 990 
heart failure, 273 
myxcedema, 984 
thiamine deficiency, 1029 
regulation of, 270 
sinus arrhythmia, 271 
See Vagus Sympathetic 
Heart, rhythmicity of, 236 
Heart, sensibility of, 750, 755 
Heart sounds, 265 
auricular, 266 
in aortic regurgitation, 297 
reduphcation of, 267 
third, 266 

Heart, special junctional tissues of, 233 
aunculo ventricular node, 234 
bundle of His, 234 
Purkinje fibres, 234, 235 
sino auricular node, 234 
Heart, work of, 235 
Heat acclimatization, 478 
cramps, 65, 478. 
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Heat effect on breathing, 403, 466, 478 
metabolism, 378 
output of heart, 492 
skin vessels, 327, 468, 474 
exhaustion, 478 
loss, 466 

production, 465 See Basal metabolism 
in muscle, 428, 431 
nerve, 491 

response to, 327, 474 
stroke, 479 See Fever Temperature 
Helweg’s bundle= bulbospinal tract, 697 
Hemianopia, varieties of, 580 
Hemiplegia, 641 See Pyramidal tracts 
Hensen’s line, 662 
Heparin, 144 
chemistry, 145 
in peptone shock, 145 
metacliromasia, 145 
relation to mast cells, 145 
uses of, 147 

Hepato renal syndrome, 834 
“ Hepatic refractoriness as regards the in- 
hibitory response,” ('), 927 
Hepatitis, toxipathic, 828 
trophopatlnc, 828 
Herpes zoster, 309 
Heschl’s gyrus 615 
Hexoestrol, 1078 
Hexokinase, 837, 844, 845 
action of insulin on, 913 
Hoxosamme, 839 
Hexose, 835 

High altitudes See Altitudes Anoxia 
High energy phosphate bonds, 842 
H+ ion concentration, 87 
effect on arteries, 320 
breathing, 396 
capillaries, 320 

dissociation of haunoglobm, 411 
heart, 236 
kidney, 9S 

Sec Blood, reaction of 
Hippocampal gyrus, 582, 669 
structure of, 613 
Hippune acid, 825, 895 
test of liver function, 830 
Hirschsprung’s disease, 816 
Hirudin, 145 
Histaminase, 336 
Histamine, 335 
action on adrenal, 554 
on blood, 337 
circulation, 336 
glands, 338 
smooth muscle, 338 
axon reflex set up by, 324 
chemistry of, 330 
headache, 338 
histidine and 336 
m gastric juice, 33S 
injected into skin, 325 


Histamine, -{-insulin test 786 
in tissue extracts, 335 
produced m injured skin, 33S 
relation to action of venoms, 139 
to anaphylactic shock, 33S 
burns, 344 

“ H ” substance, 326 
infection, 338 

reactive hyperemia, 330, 338. 
traumatic shock, 343 
triple response, 325 
urticaria, 110 

test of gastric function, 783 
transmitter of dorsal ner\ e root-,, 308, 325 
to oxyntic cells, 776 
tnple response from, 323 
Histidine, 336, 878 
and purine synthesis, 807 
Homeostasis = maintenance of constanc\ 
of internal environment, q i 
Homocysteine, 878, 882, 883 
Homogentisic acid, 890 
Homoserme, 883 

Hordenine anti cholinesterases, 510 
action on spinal cord, 531 
Hormones in urine, 1090 
Homer’s syndrome, 708 
“ Hot flushes,” 1068 
Hot spots, 552 
Houssay animal, 859 
Hunger pains, 810 
sensation, 1048 
Hyaline cell, 214 

Hyaluronidaso, formed by sperm, 1103 
Hydatidiform mole, 1088" 

Hydrremia, 4 
Hydrocephalus, 121, 125 
action of hypertonic saline in, 127 
clinical varieties, 125 
experimental, 126 

Hydrochloric acid in gastric juice, 773 et seq 
Hydrogen acceptor, 840 
carrier, 840 
transfer, 855 
transport, 839 
Hydrogenase, 849 

Hydronephrosis, hypertension in, 35S 
Hydrotropic substance, 863 
Hyperalgesia of muscles, 759 
of skin, 747, 748, 739 
Hypercalcsemia, 1006 Sec Calcium 
Hyperglycmmia, causes of, S60 
factor, 910, 918, n 1 
from brain lesions, S60 
cortisone, 961 

depressed utilization of glucose, 800 
diabetogenic factor (ACTH, growth 
hormone), 

diminished liver activate , S24 
excessive glucogenesis in liver 800 
insulin lack See Insuhn 
punctureof floor of fourth ventricle 800 
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Hyperglycaemia m diabetes, 920 
‘ unresponsiveness,” 931 
See Glucose in blood 
Hypennsuhnism, 916 
Hyperparathyroidism, 1007 
blood changes, 1009 

difluso paiatliyroid hyperplasia or para 
thyroid adenoma, 1007 
osteitis fibrosa cystica, 1008 
osteoporosis, 1008 
serum P in, 1001 See Parathyroid 
Hyperpituitarism, 941 
Hyperpncea and E E G , 62G 
etlects of, 406 
tetany from, 408, 1007 
Hyperpyrexia, artificial, 479 
chromatolysis from, 496 
in heat stioke, 479 
pontmo lesions, 473 
Hypersplenism, 229 
Hypertensin, action in man, 350 
foimation of, 23, 349 
Hypertensin-” activator,” 352 
‘ inactivator,” 352 
Iiypertensinase, 352 
Hypertensinogen, 23, 349 
Hypertension, 345-358 
benign, 353 
clinical, 353 
essential, 353 

blood vessel changes, 354 
circulatory changes, 354 
kidney changes, 354 
mechanism of, 357 
sympathectomy for, 357 
experimental, 347 
from injuries to kidney, 346 
from renal ischsemia, 345 
in man, 346 
mechanism of, 347 
relation to clinical hypertension 
353 

vascular changes in, 356 
from section of sino aortic nerves, 745 
hypertensin (angiotonin) and, 350 
hypertensinogen and, 349, 
in aortic regurgitation, 297 
cerebral ananma, 311 
exercise, 435 

raised intracranial pressure, 311 
“ surgical ” kidney disease, 358 
malignant, 353 
phaeochromocytoma and, 734 
renal, 345 
renin and, 349 

Hyperthyroidism See Exophthalmic goitre 
Hypertonic saline for raised intracranial 
pressure, 127 

Hypertonus and hypotonus See Muscle 
tone 

Hypervitaminosis D, 1012 
“ Hypnotoxin ” and sleep, 686 


Hypocalcasmia, 1007 
Hypoglyctemia, adrenaline for, 916 
adrenaline secretion in, 731 
after extirpation of Iner, 824 
hypophysectomy, 937 
for schi7ophrenia, 915 
from injection of insulin, 914 
glucose for, 916 
in clinical hypennsuhnism 916 
on gastric secretion, 785 
li\er, 858 
symptoms of, 915 
treatment of, 916 

unresponsiveness, 931 Sec Glucose m 
blood Insulin 

Hypoparathyroidism, post operative, 
1004 

treatment, 1006 
serum P in 1001 , 

Hjpoplnseal diabetes, 91S 
Hypophysis See Pituitary 
Hypopituitarism, 940 
Bnssaud type, 941 

“Eat boy’ (Joe) m Pickwick Papers 
941 

Lorain type, 940 
IlyponboflaMnosis triad, 1034 
Hypotension nftcr h-cmorrlinge, 82 
in Addison’s disease, q v 
shock, 340 
Hypothalamus, 716 
anatomy of, 6G5, 716 
and cortical mo\ ement, G30 
cortical connections, 665, 669 
descending motor fibres from, 630 
diseases of, 717 
functions of, 71b 
nuclei of, 716 

relation to emotional expression, 665 
60S 

to gastric ulcer, 780 
obesity, 718 
parasympathetic, 716 
personality, 670, 674 
posterior pituitary, 42, 47 
rage reaction, 665, 671 
sleep, 718 
sympathetic, 716 
temperature regulation, 473, 717 
thalamus, 665 
Hypothyroidism, 9S2, 986 
Hypotonic sahne, action on cerebrospinal 
fluid, 126 

Hypoxanthine, 897 


ICSH, action on testes, 1113 
Icterus gravis, 180, 833 
Ileococcal sphincter, 812 
Imbecilktas phenylpyruvica, 890 
Inuno acid, 885 
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Incompatible blood transfusion, 181 
Indican, 900 

Indoxyl potassium sulphate, 900 

Infant Hercules, 967 

Inferior corpora quadrigemma (colliculi), 
572, 702 

Inflammation, 222 

leucocytosis producing factor, 221, 223 
Ieucotaxine, 222 
necrosm, 223 
Infundibula m lungs, 363 
Infundibular stem of pituitary, 41 
“ Inlubin,” released by testis, 1114 
Inhibition, central, 528 542 et seq , 1126 
conditioned, 678, 680 
differential, 679 
external, 678 
extinction, 679 
internal, 679 

of respiratory centre, 388 
vasomotor centre, 739 
peripheral, 1127 

reciprocal, 386, 545, 590, 601, 634, 638, 
649, 1123-1128 See Re 

ciprocal innervation 
reflex, 542 See Reflex action 
Inhibitory afferent, 542 
Initial heat in muscle, 431 
m nerve, 491 
Injury potential, 484 

Inosmic acid — hypoxantlune nbose -J- 
H 3 P0 4 

Inositol phosphoric acid, 998 
Insensible perspiration, 467 
Inspiratory capacity (complimentary air), 
362 

Inspiratory centre, 384 
and apneusis, 386 
isolated, anoxia on, 402 
C0 2 on, 395 
Insulin, 910 

action after hepatectomy, 910, 915 
after vagotomy m man, 785 
m diabetic, 925 

eviscerate preparation, 911 
hverless animal, 915 
normal man, 914 
Simmonds’ disease, 931 
on gastric secretion, 785 
hexokraase, 913 
liver, 859, 913 
muscle, 911 

respiratory quotient, 925 
tissue enzymes, 913 
vagus centre, 785 

and histamine test of gastric function, 786 
anti insulin serum, 927 
anterior pituitary and, 913 
antagonizes diabetogenic factor, 914 
chemistry, 910 

effect on rate of conversion of glucose 
to fatty acids in liver, 913 


Insulm, effect on glucose dissimilation and 
“ utilization,” 912 
glycogen deposition, 911 
hpogenesis, 913 
neoglucogenesis, 857, 914, 920 
hypermsulmism, 916 
hypersensitivity, 927 
hypoglycmmia from (q v ), 914 
symptoms m man, 915 
therapeutic use, 915 n 1. 
treatment of, 916 
islets and (q v ), 909 
mode of action, 911 
mode of administration, 925 
protamine, 926 
regular, 926 
resistance, 927 
retard, 926 

secretion of, blood glucose evel and, 
917 

by pancreatic graft, 917 
continuous, 916 
control of, 916 
excessive, 916 
vagi and, 917 
sensitivity, 926 
in Addison’s disease, 956 
test of gastric function, 785. 
zinc, 926 

zinc and protamine, 926 
Interlobular (cortical) arteries of kidney 
25 

veins of hver, 818 
Intermedio lateral horn, 705 
Intermittent claudication, 361, 751 
Internal arcuate fibres, 697, 698 
capsule, 632 
environment, 1 
and kidney, 22 
constancy, 1 

(medial) geniculate bodies, 572, 702 
Internuneial neurones, 527, 529 
Inter-renal body, 944 
Interspmous ligaments, injection of byper 
tome salme mto, 748 
Interstitial cells of ovary, 1067 
of testis, 1104 
fluid, 1, 3 
composition of, 5 

exchange with intracellular fluid, 7 
plasma, 6, 17-18 

Intestinal bacteria, synthesize vitamins 
1020,1026,1032,1038 
“ Intestmal intoxication,” 817 
Intestinal obstruction, 108-110 
of small intestine (simple), 108 
chemical changes m, 108 
low, 109 

treatment of, 109 

results of sodium chloride deprivation, 
108 

water deprivation, 108 
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Intestine See Small intestine Large 
intestine 
gradients m, 807 
nerve supply of, 714 71G 
sensibility in, 702 et scq 
Intracellular fluid, 2, 3 

changes after water drinking, 50 
in NaCl deprivation, 04 
excess, 02 

in water deprivation, 04 
composition of, 2, 6 
exchanges with interstitial fluid, 7 
volume, 11 

Intercranial pressure, raised, action of 
hypertonic saline on, 127 
effect on blood pressure, 311, 404 
heart rate, 274 
respiration, 404 
m cerebral tumour, 125 
hydrocephalus, 125 
uraimia, 77 
water intoxication, 69 
relief of, 128 
serum treatment, 129 
Intralobular veins of liver, 818 
Intrapleural pressure, 3G8 
in pneumothorax, 308 
Intravascular thrombosis, 147 
decubitus, 149 
post operative, 149 
prevented by dicoumarol, 154 
by heparin, 147 
Intrinsic factor, 200 
Inulin clearance in water drinking, 58 

measures glomerular filtration, 35, 
38 

Invertase, 790, 835 

Involuntary nervous system See Auto 
nomic nervous system 
Iodide, action of blood level on thyroid, 
973, 975 

conversion to iodine by thyroid, 974 
selective absorption by thyroid, 973 
Iodine, deficiency, results of, 987 
for thyroid hyperplasia, 982 
m blood, hormone (precipitablo, protein- 
bound), 970 

inorganic (filtrable), 970 
m thyroid disease, 970, 984, 990 
m diet, 987, 1050 
intake, 972 
m thyroid, 972 

radio active ( m I*) treatment of Graves’ 
disease, 997 
requirements, 105G 
therapeutic use, 958 
thyroxine synthesis, 973, 975 
treatment of Graves’ disease, 994 
simple goitre, 988 
Iodopsm, 1022 

Ions, movements in nerve activitv, 485 
physical nature of, 11 


Iron, absorption of, 208 

deficiency anaimia, in infants and young 
children, 207, 212 

in pregnancy and lactation, 200, 212 
role oi monstrual blood loss, 205 
distribution, 201 
excretion of, 205 
for anremia, 209 
m blood, 208 

lmmochroniatosis, 213 
lack of, m milk, 1090 
metabolism of, 205-214 
radio active, 209 
results of deficiency, 205 
sources of, 205, 1050, 1059 
stimulates bone marrow, 213 
Irradiation, 530 
Iscliromia of none fibres, 1004 
Ischaemic pain, causation of, 751 
m heart, 750, 752 
muscle, 751 

limb, nerve changes in, 751 
Ischremic (renal) hypertension See Hyper 
tension 

Islets of Langerhans, 909 

nction of nlloxan on, 910 

anterior pituitary on, 918 
blood glucose on, 917, 918 
thyroid on 918 

after obstruction of pancreatio 
ducts, 909 

control of secretion of, 910 
hyperglycromia factor of, 910, 918, 
n 1 

in diabotes melhtus, 910 
insulin secreted by, 910 
lesions of, 918 
norvo supply, 917 
structure of, 909 
tumours of, 910 Sec Insulin 
Iso alloxazme, 1027 
Isocortex, 013 

Isodehydroandrosterono, 1110 
Iso electric point of protein, 134 
Isoleucine, 870 
Isomerization, 848 

Isometric contraction of muscle, 427, 500 
phase of heart, 250 
relaxation phase of heart, 258 
Isotonic contraction, 427, 431 
Isotopes, radio active, 900 
stable, 900 

use in metabolism studies, 900, 907 


Jacksonian fits, 121 
Jaundice, 190 

acholuric (congenital hremolytic), 229 
after hepatectomy, 825 
alkaline phosphatase and 1002 
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Jaundice, blood cholesterol in, 799 
“ dissociated,” 190 

from injection of incompatible red cells, 
181 

haemolytic, 181, 190 
in pernicious amemia, 186, 196 
obstructive, 191 

vitamin K lack in, 152 
of new born, 192 
toxic and infective, 191 
urine in, 193 

van den Bergli’s test for, 189 
Jejuno ileal insufficiency, 797 
Jugular vein, pressure changes in, 259 
a c interval in disease of bundle of His, 
260 

in extra systoles, 260 
Junctional tissues of heart, 233 


Kangaroo (“ desert ”) rat, ADH in urine, 
1090 

Keratitis, 1031, 1035 
Kernicterus, 660 
Ketogenesis, 869 
Ketogemc ammo-acids, 887 
a-Ketoglutaric acid, in citric acid cycle, 
851, 852 

Ketone bodies (ketones), 90, 869 
formation, 870-872 See Fat, dissimila 
tion of 
formulae, 869 
in blood, 870 
inter-relations, 870 
utilization of, 430, 923, 924 
Ketosis, abolished by insulin, 875, 925 
after hyperpnoea, 408 
causes of, 875 
compensation for, 924 
definition of, 90 

from anterior pituitary extracts, 875, 
937 

m diabetes melhtus, 875, 923 
starvation, 875, 901, 924 
low glycogen and high fat content of 
liver, 870, 875 

relation to carbohydrate metabolism, 
875 

relation to diet, 875, n 3 
17-Ketosteroids in urine, 952 
Kidney, 21-79 
action of adrenaline 728 

of adrenal cortex ( q v ), 945, 955, 
960, 961 

antidiuretic hormone (q v ), 29, 49, 
51 

cortisone, 961 
hypertensm, 350 
parathormone, 1004 
phlondzin, 29, 32 36 
thyroxme, 979 


Kidney, after complete hypophysectomy, 
930 

ammonia formation by, 22, 97 
artificial, 78 

blood flow, m cardiac failure. 111 
measurement in man, 35 
blood supply of, 24 
of cortex, 26 
medulla, 26 

calcium excretion by, 991, 999 
“ clearance ” by, 34, 40 
chemical transformation in, 23 
circulation, 21 

concentration of glomeruler filtrate, 
29 

diodrast clearance, 36 
Tm, 40 

diseases of, 70 et seq See Hypertension 
Nephritis Nephrosis 
effect of ammonium chloride, 98 
of citrate ingestion, 98 
emotion 53 
exercise, 53 
fluid loss, 66, 83, 105 
hemorrhage, 83 
high altitudes, 401 
KC1, 62 
meals, 99 
NaCl excess, 62 
lack, 64 

overventilation, 98 
salme ingestion, 62 
saline injection, 60 
sleep, 70 

urea ingestion, 69 
water deprivation, 66 
drinking, 57 

excretion of end products of protein 
metabolism, 22, 70 
filtration-fraction, 27 
functional tests, 34-41, 70-73 
functions of, 21-23 
glomeruli of, 23, 25, 27 

filtrate of, composition of, 28, 31 
volume of, 27, 35 
permeability of, 28 
pressure in, 25 
structure of, 23 

glucose reabsorption T m , 41, 927 
hippunc acid formation, 23 
in Addison’s disease, 955 
infants, 67 

essential hypertension, 354 
ischaemic hypertension, 351 
pyloric obstruction, 105 
traumatic shock, 343 
mnhn clearance, 35, 38 
ischaemia of, 351 
cortical, 26 

juxtamedullary glomeruh, 26 
nerve supply of, 27 
no threshold substances, 29 
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Kidney, phosphate formation, 95 
pituitary gland and, 45-55 
regulation of fluid content of body, 4, 21 
55-70 

of osmotic relations, 22 

reaction of blood, 22, 94, 401 
urine volume, 70 
removal of, 73 
role of plasma proteins, 27 
“ secretion ” by tubules, 33, 37 
sensibility of, 700 
shunts, 26 
structure, 23 
threshold substances, 29 
tubular excretory mass, 40 
excretory maximum (T m ), 39, 40 
tubule diuresis, 09 

tubules of, action of antidiuretic hor- 
mone, 51 

back diffusion in, 31 

excretion (“ secretion ”) by, 31, 33, 37 

forward diffusion, 31 

functions of, 23 

glucose absorption m, 29, 32, 927 
osmotic pressure of fluid in, 33 
work, 30 

reabsorption (in frog), 32 
(in mammal), 28, 32, 58 
reabsorptivo mass, 41 
reaction of fluid in, 33 
urea clearance, 34, 39 
urea clearance test, 39 
urea concentration test, 09 
vasa recta, 26 

See Glycosuria Urremia Urine 
Kilt, speculation about effect on testis, 
1110 

Klinefelter's syndrome, 1114 
Knee-jerk, 644 

a fractionated stretch reflex, 589 
after trans section of spinal cord, 690, 
693, 695, 696 

central vagus stimulation on, 765 
m cerebellar lesions, 610 
pyramidal lesions, 644 
sleep, 685 

striatal disease, 659 
tabes, 562 
pendulum, 610 
K O C , 1005 

Kraurosis vulva:, oestrogens for, 1082 
Krebs citric acid cycle, 850, 851 
urea cycle, 887 
Krogh’s serotonometer, 367 
Kupffer, stellate cells of, 187, 819 
Kwashiorkor, 869 


Labyrinth See Vestibular apparatus 
Labyrinthine reflexes, 591, 593 
Lachrymal gland, nerve supply of, 714 
Lactalbumm, 1095 


Lactase, 796, 835 

Lactation See Mammary Gland 

Lactcals, 861, 865 

Lactic acid, formation from glycogen, 429 
from pyruvic acid, 429, 849 
glycogen formed from, 838 
in blood, 438 ct seq 

m thiamine deficiency, 1021 
violent exercise, 43S cl seq 
oxygen debt and, 439 
in heart, 237 
muscle, 429 

Lactic dehj'drogennse, 849 
Lactogenic hormone (prolactin), 1083 
Lactose, 835 
Left axis deviation, 255 
Lrcvulose Sec Fruetoso 
Large intestine, functions of, 814 
gas formed m, 836 
movements of, 813 
ner\e supply of, 716 
sensibility, 764 Sec Intestine 
Laryngismus stridulus, 1005 
Lateral geniculate body, 565, 576 
Law, all or none, 235, 489, 505 
of Boll-Magendio, 558, n 2 
forward conduction, 536 
m intestine, S07 
gases, 365 
heart, 275 

release of function (release phenoin 
enon), 585, 645 
Lecithin, 861, 868 
m bile, 797 
blood, 865, 868 
medullary sheath, 482 
Leech test for acetylcholine, 720 
Lemniscus, lateral, 572, 700 
medial, 562, 700 
Lengthening, reaction, 586, 643 
Leucine, 876 

Leucocytes, 217 See Eosinophil White 
blood corpuscles 
Leucocytosis, 219 
after splenectomy, 231 
in cerebrospinal fluid, 131 
inflammation, 221 
producing factor, 221, 223 
Leucopenia, 219, 221 
Leucopenic factor, 223 
Leucopoiesis, control of, 220 
Leucotaxine, 222 

Leukaemia, basal metabolism in, 3S0 
blood uric acid in, S98 
spleen m, 225 

Light, action on skin blood vessels 328 
reflex, 578 

synthesis of vitamin - D by, 1009, 1011 
Lightning pains, 561 
Lipnmia, 865 

Lipase, 776, 790, 796, 862, 863, 864 
Lipides (lipms, lipoids), cephahns, 861 
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Liver, red colls destroyed by, 187 
formed by, ICO 
regeneration of, 820 

relation to reticulo endothelial system, 
187 

reserve, 820 
selenium on, 827 
sensibility of, 700 

serum albumin concentration test, 831 
storage function 824 
structure of, 818 
synthesis in, 824 
toxipatbic hepatitis, S2S 
trophopathic hopatitis, 828 
urea formed in, 880 
vitamin Ii test, 831 
vitamins m See Vitamin A, -D 
weight variations, 827 
Localization of stimulus, 570 
in reflex action, 530 
Loculation syndrome, 129 
“ Long-circuiting ” in reflex action (delay 
paths), 530 
Loop of Henlo 23 
Lorain type, 940 
Low energy phosphate bond, 841 
Lower motor neurone, signs of disease of, 
505 

Luetic curve, 132 
Lumbar puncture, 130 
Lungs, afferent fibres from, 3S7, 747 See 
Vagus 

collapse of Sec Collapse of lungs 
diseases of See Emphysema Pneu 
moma Pneumothorax Etc 
anoxia in, 447 
cyanosis in, 452 
dyspnoea, 45G 

gaseous interchanges in, 3G0 
heat loss, 4GG 
sensibility of, 746 

volume, 3G2 See Breathing Dyspnoea 
Respiratory centre Etc 
Lutein, 10G7 
tumour, 1086 

Luteinizing hormono (LH), 1083, 10SG 
See Gonadotrophin 
Luteoids, 1077 
Luteotrophin, 1083 
Lymph, 16 See Tissue fluid 
fat in, 865 
Lymphatics, 16 

absorption of fluid into, 18 
obstruction of, oedema in, 116 
Lymphoblast, 218 

Lympho°ytes, 218 See White blood cor 
puscle 

destroyed by thymus, 1017 
m thymus, 1016 
Lymphocytosis, 219 

of cerebrospinal fluid, 130 
Lymphoid tissues, growth curve and, 942 


Lysine, 877 
deficiency, 881 


Macrophages, 187 

Macrophago system Sec Reticulo endo 
thclial system 
Macula, 596 

lutea, fibres from, 575 
Magnesium, in intracellular fluid, 5 
in plasma, 6 

sulphate, action on gall bladder, 802 
method of determining circulation 
time, 203 

Maize, relation to pellagra, 1037 
Male sex hormone Sec Androgens 
Malpighian corpusclo, 23, 223 
Maltose, 796, S35 
Maltose, 817 
Mammary gland, 1091 

action of progesterone on, 1092 
of oestrogen on, 1079, 1092 
pituitary on, 1091 
prolactin on, 1094 
suckling on, 1091 
thyroid on, 979, 1094 
at birth, 1092 

puberty, 10GS, 1092 
cancer of, 1079, 10S2 
control of development, 1092 
during pregnancy, 1092 
formation of milk constituents, 1076 
influence of nerve supply, 1093 
placonta, 1092 
in menstrual cy clo, 1092 
lactation, 1093 

amenorrhoea during, 1095 
Ca needs, 1000 

influence of hormones on, 1093 
milk discharge, 1094 
secretion, 1093 
nutritional needs of 1095 
role of oxytocin, 1091 
sterility during, 1095 
vitamin requirements of, 1021 
myoopitliehum of, 1091 
relation to uterus, 1095 
secretion of, 1093 
structure of, 1091 See Milk 
Mammillary body, 669, 716 
Marcln’s stain, 499 
Marrow, red See Bone marrow 
Mass peristalsis, 813 
reflex, 692 
Mast cells, 145 

Mechanical efficiency, and dyspnoea, 455 
in exophthalmic goitre, 456 
of muscle, 431 

Mecholyl, action on pancreas, 793 
Meckel’s (spheno palatine) ganglion, 714 
Median eminence, 41 
Median longitudinal bundle, 597, 700 
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Medulla oblongata, 69b 
centres in, 697 

Medullary anremia, effects of, 464 
from cerebral tumour, 126 
sheath, 482 
strne, 572, 700 
Megakaryocytes, 155 
Megaloblast, 164 
in pernicious anaemia, 196 
Meissner’s plexus, 714 
Melanm in skin, 957 
Melanophores, pituitary and, 44 
Membrana granulosa, 1065 
Membrane of capillaries, permeability of, 
6 See Capillaries 
polarised, 484 
semipermeable, 6, 13 
Meninges, arrangement of 118 
Meningitis, cerebrospinal fluid m, 131 
Menmgo vascular syphilis, cerebrospinal 
fluid m, 131 
Menopause, 1068 

gonadotrophin m urine, 1085 
Menstrual cycle, action of oestrogens, 1079, 
1082 

anovulatory, 1072 
creatine m urine, 894 
disturbances, oestrogen treatment of, 
1082 

experimental uterine bleeding, 1072 
inhibited in pregnancy, 1081 
mammary gland changes in, 1092 
mechanism of, 1072, 1073 
menstruation, 1072 
ovarian hormones m urme, 1077, 1086 
premenstrual (progestational) stage, 
1071 

progesterone and, 1080 
proliferative stage, 1069 
relation of oestrogen and progesterone 
to, 1072 

temperature durmg, 472 
Mesentery, pam from, 765 
Metabolic pool, 853, 855 
Metabolic rate, determination of, 372, 375 
effect of exercise, 380 
food, 380 

factors influencing, 378 
relation to breathing, 393, 405 
to heart output, 380 See Basal 
metabohsm 

Metabohsm, endogenous and exogenous, 
890 See Basal metabohsm 
Carbohydrate Diet Pat 
Protein 

Metabohsm of cells, study of, 904 

examination of tissues and excreta, 904 
experimental techniques, 905 
isolated and perfused organs, 905 
study of errors of metabohsm, 905 
use of isotopes, 905 

of modified metabohtes, 905 


Metabolism of cells, study of, use of surgery 
and drugs, 905 
of tissue homogenates, 906 
slices, 906 

Metabohtes, action on capillaries, 320 
on arterioles, 317 
and tissue fluid formation, 20 
Metachromasia, 145 
Metahypophyseal diabetes, 918 
Metaproteins, 876 
Metathyroid diabetes, 918 
Meth'emalbumin, 187 
Methsemoglobin, 174 
formation m blood, 449, 454 
Methsemoglobrnsemia, ascorbic acid for, 
454 

Methionine, 877, 882 
action of NC1 3 (agene) on, 1059 
adrenaline formation, 883 
choline formation, 883 
creatine formation, 883, 893 
conversion to cysteme, 882 
to homocysteme, 882 
lipotropic action, 867, 882 
methyl donor, 867, 882 
protective action on liver, 827 
relation to canine hysteria, 1059 
selenium poisonmg and, 827 
Methyl alcohol, acidumia from, 102 
donors, 882 
groups, labile, 882 
synthesis of, 884 
testosterone, 1110, 1111 
thiouracil, treatment of Graves’ disease 
99b 

Metcestrus, 1074 
Micturition, 767-773 

after division of sympathetic, 771 
injury to afferent nerves, 771 
sacral autonomic, 771 
trans section of spinal cord, 692, 

772 

bladder(urmary), 767 
adrenaline on, 767 
afferent fibres from, 899 
efferent fibres to, 712, 767 
pituitnn on, 47 
postural activity, 768 
response to stretch, 768, 769 
sensibility of, 763 

sympathetic section and stimulation 
767, 771 

cortical control of, 768, 771 
enlarged prostate and, 772 
in children, 771 

emotional states, 771 
lesions of pyramids 1 tracts, 772 
obstruction to bladder, 772 
tabes, 770 
voluntary, 770 
Midbrain, structure of, 701 
Milk, colostrum of 1095 
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Milk, composition of, 1095 

conditions influencing, 109G 
effect of drugs, 1090 
origin of constituents of, 1090 
rationing arrangements, 1004 
secretion of, 1099 
See Mammary gland 
Mmeralocorticoids, 958 
Minnesota e\periment (severe calorie 
deficiency), 1015 

Mitral disease, pulmonary circulation in, 
307 

incompetence, 290 
cyanosis m, 453 
dyspnoea in, 400 
electrocardiogram in, 247, 250 
experimental, 290 
time of backflov , 290 
right ventricular pressure in, 200 
stenosis, 297 
Sec Heart failure 

Monakow’s bundle Sec Tiact, rubro 
spinal 

Monocytes, 214 

development of, 219 
Monoglycerides, 801 
Mononuclear cells m blood, 214 
in cerebrospinal fluid, 131 
Moss fibres, GOO 

Motor cortex See Cerebral cortex 
nerves, afferent fibres in, 55G 
chemical transmitter, 513 
conduction rate in, 492 
stimulation of, 488 See Muscle, 
skeletal 

neurones, discharge rate of, 501, 541, 
048 See Reflex Action 
point, 500 

unit, properties of, 499 
Mountain sickness Sec Anoxia 
Movement, automatic, 047 
reflex Sec Reflex action 
voluntary See Voluntary moiement 
Movements of cooperation, 052 
Mucin, 770 

Muco polysaccharides, 839 
Muller’s muscle, 708 
fluid, 498 

“ Muscarine ” action of acetylcholine, 71S 
Muscle, cardiac See Heart muscle 
Muscle, skeletal, acetylcholine as trans 
matter to, 513 
actin and actomyosin, 420 
action of acetylcholine, 427, 514, 
721 

adrenaline on, 521, 727 
antichohnesterases, 515 
botuhnus toxin of, 517 
cortisone, 902 
curare, 502, 510 
ephedrine, 519 
esenne, 515 


Muscle, skeletal, action of potassium, 517 
prostignnnc, 500, 515 
quinine, 521 

action potentials in, 427, 502 
adenosine triphosphate in, 427, 429 
ndrcnal cortex and, 950, 902 
icrobic contraction, 429 
afferent impulses from, 549 
none endings in, 510, 347 
“ all or none ” lav, 505 
amerobic contraction, 429 
ns\nchronous stimulation of, 301, 
582, 583 

blood vessels of, SOS 
blood flou changes in exercise, 413, 433 
carnosmc in, 427 
chemistry of, 420 cl seq 
cholinesterase in, 514 
chronnxie of, 507 
constituents, 420 
contraction of, 427 
contracture, 512 
creatine m, 427 
creatine phosphate in, 427 
denenated, 503, 505 
excitabiht 3 r of, 500 
dorsal root stimulation on, 721 
electrical changes in, 427, 502 
end plate potential, 427, 512 
fatigue of, 431, 43S, 504, 521 
fibrillation, 503 
glycogen of, 420, 429, 837 
heat production m, 428, 431 
H* ion concentration of, 430 
m familial periodic paraljsis, 519 
myasthenia gravis, 517 
mjotonia congenita, 520 
isometric contraction of, 427 
isotomc contraction, 427 
lactic acid m, 429 
mechanical efficiency, 431 
motor unit, 499 
myosin, 420 

ccdoma of, in exercise, 19 
osmotic pressure changes, 430 
phosphagen m, 427 
proteins in, 420 
rate of stimulation of, 500 
reaction of degeneration, 507 
red and pale, 587 
refractory period of, 500 
Sherrington phenomenon, 721 
spike potential, 502 
stimulation of, 499 
strength of stimulation of, 500 
sympathetic and, 521 
tension developed, 500, 505 
tetanus of, 500 
tissue fluid formation in, 19 
tTitch, 499 

work of, 431 Sec Muscular exercise 
Muscle tone 
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Nephritis, blood changes in, 76 
blood pressure m, 76 
blood volume m, 86 
Cheyne Stokes breatlnng in, 77, 464 
dyspnoea in, 76, 456 
chronic nephritis, 76, 115 
oedema m, 75, 115 See (Edema 
tetany m, 1007 
uraemia m, 75 
urine m, 75 cl seq 
varieties of, 74-75 
Nephron, 23 
Nephrosis, 75, 112 
oedema in, 112 
plasma changes in, 113 
sedimentation rate of red corpuscles, 173 
treatment of, 113, 114 
urea clearance test, 113 
urea concentration test, 113 
urine m, 113 
Nerve, aortic, q v 
auditory, 572 
cells, metabohsm of, 491 
structure of, 482 

ventral horn See Reflex action Ventral 
horn cells 

chorda tympani, q v 
ciliary, 708, 715 
cochlear, 572, 699 
depressor See Aortic nerve 
endings See Receptors 
engens, 712, 1104 
fibres, 482 

accommodation of, 494, 1004 
action of Ca++ on, 1004 
narcotics on, 489 
adrenergic, 508 
after-potentials, 489 
“ all or-none ” law, 489 
changes during activity, 490 
cholinergic, 508 
chronaxie of, 493 

cutaneous, effects of section of, 556 
recovery of function, 556 
degeneration of, 497 
effects of section of, 494 
electrical changes in, 485 Slp Action 
potential 
electrotonus, 488 
excitability of, 489 
functions of, 483 
heat production in, 491 
impulse, 483 el seq 
injury potential, 484 
ischaemia of, 751 
medullated, 482 
metabohsm of, 491 
non-medullated 483 
refractory period of, 490 
regeneration of, 496, 557 
Schwann cells, 483 
staining reactions of, 498 


Nerve, fibres, strength duration curvt, 493 
structure of, 482 
varieties of, 492 
Nerve, fifth, 563, 581, 702 
no taste fibres in, 581 
fourth, 703 

glossopharyngeal, 564, 714 
hypogastric, 767 
hypoglossal, 698 
lntermcdius, 581, 715 
hngual, 581 
oculo-motor, 703 
optic, 574 
presacral, 710, 767 
seventh, 564, 581, 699, 71 1 
sinus See Carotid smus 
sixth, 703 

spinal accessory, 698 
splanchnic, 710, 730 
third, 703 
vagus, q v 
vestibular 597, 700 
Nervous impulse, 483 el seq 
Neurilemma, 483 
Neurofibrils, 482 
Neurogenic dyspnoea, 460 
Neurono, 482 

Neuronography (physiological), 616 
Neutral fat, 861 See Lipides 
NFC (non-fat calories), 1025 
Nicotinamide, 1026 
Nicotine, action of, 715, 745 
Nicotinic acid, Nicotinic acid amide, Nico 
tinamido, 1026 
coenzymo I (Co-I), 1026 
II (Co II), 1027 

diphosphopyridmo nucleotide (DPN), 
1026 

role m tissues, 1026 
sources and requirements, 1026 
synthesised in intestine, 1026 
tnphosphopyridine nucleotido (TPN), 
1026 

use m pellagra, 1037 
m psychoses, 1038 
vasodilator action, 1038 
Night b lindn ess, dark - adaptation tests, 
1022 

Nissl granules, 482 
Nitrogen, effects of breathing, 398 
poisonmg, 426 

relation to caisson disease, 425 
solubility of, 366, 425 
trichloride (agene), action on flour, 1059 
Nitrogenous constituents of urine, signifi- 
cance of, 891 et seq 
equilibrium, 901, 1048 

balance negative and positive, 901 
in starvation, 901 
undernutrition, 1048 
r61e of essential ammo acids, 903 
retention, 904 
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( Estrogens , chemistry of, 1075 
for amenorrhcea, 1082 
atrophic rhinitis, 1082 
delayed puberty, 1082 
kraurosis vulval, 1082 
menopausal symptoms, 1082 
menstrual disturbance, 1082 
prostatio carcinoma, 111G 
prostatio hypertrophy, 1117 
vaginitis, 1082 
in adrenal cortex, 958 
corpus luteum, 1077 
Graafian follicle, 1077 
urine, 1077, 1087 
hver and, 1078 
metabolism of, 1078 
methods of administration, 1078 
relation to menstruation, 1079 
oestrus, 1079 
parturition, 1091 
sources of, 1077 
stilboestrol, 1078 
synthetic, 1078 
therapeutic use of, 1082 
(Estnol, 1076, 1077, 1078 
(Estrone, 1076, 1077, 1078 
(Estrous cycle, 1074 
recognition by vaginal smears, 1074 
vitamin A and, 1087 
QEstrus, 1074 

-produemg substances, 1077 
Oleic acid, 861 
Oncometer, 305 
Optical righting reflexes, 593 
Optic chiasma, 574 
nerve, 674 
tract, 576 

pathway, lesions of, 680 
Orbeh phenomenon, 521 
Organ of Corti, 573 
Orgasm, 1105 
Organism, 1105 
Ornithine, S78 
Orthopncea, 461 

Osmic acid, stain for nerve fibres, 498 
Osmolanty, 29 
Osmoreceptors, 51, 54 
adaptation, 55 
permeabihty of, 54 
Osmotic pressure, 13-16 

crystalloid, of plasma, regulated by 
kidney, 22, 51, 53 
water drinking and, 56 
measurement of, 14, 15 
of active muscle, 430 
metabolites, 20 
plasma, 14, 53 
plasma proteins, 15 
urine, 29-31 

relation to tissue fluid exchanges, 
18 et seq 

Osteitis fibrosa, 1008 


Osteomalacia , 1012 
Osteoporosis, 1008, 1072 
Otic ganglion, 714 
Otolith organ, 597 

modo of action, 597 
postural reflexes from, 591, 593, 602 
See Vestibular apparatus 
Ovary, 1063-1086 
nctivo principles, 1075 
adrenal cortex and, 958 
corpus luteum ( q v ), 1060, 1079 
cychc changes in, 1065 
control of, 1083 
extirpation, 1068 
functions, 1067 
gonadotrophins on, 10S3 
grafting, 1069 
interstitial cells, 1067 
menopause and, 1068 
menstrual cy clo and ( q v ), 1072 
cestrogens (q v ), 1075 
costrous cycle and (q v ), 1074 
ovulation, 1066 
relation to safo period, 1066 
pituitary and, 1083 
progestorono of (q v ), 10 77, 1081 
puborty and, 1067 
relation to breasts, 1092 
to parturition, 1091 
pregnancy, 1080 
structure of, 1065 
thyroid and, 9S6 

Ovorvcntilation, alkalienua from, 101 
respiratory quotiont changes, 374 
voluntary, 98, 406 

Ovulation, inhibited by progesterone, 1081 
time of, 1066 

Oxalate and blood clotting, 140 
Oxaloacetic acid, 873 
relation to citric acid cycle, 851, 852 
Oxidation, biological, by hydration and 
dehydrogenation, 840 
carbohydrate dissimilation, 846 et seq 
CO s formation, 850 
coenzymes I and II, S40, 848, 852, 854 
cytochrome, 854 
oxidase, 854 
decarboxylation, S50 
electron transfer, relation to oxido 
reduction, 854 
energy transfer, 841 
enzyme systems, 840 See, individual 
substrates 

fat dissimilation, 870, 872 
flavoprotems, 854 

high and low energy phosphate 
bonds, 841 

hydrogen acceptors, S40 
r61e of water, 840 

tricarboxylic acid(Krebs)cycle, 850,851 
union of H with O to form water, 854 
Oxidative enzymes, 1027 
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Oxycorticoids, 958 
Oxygen capacity, 410 
carnage m blood, 409-414 
coefficient of utilization of, 413 
consumption, determination of, 372 
m exercise, 436 

content of blood, determination of, 410 
debt, 439 

dissociation curve of blood for, 409, 1099 
excess, effects of, 403 
for CO poisoning, 450 
cyanosis, 452 

interchanges in lungs, 367, 414 
in placenta, 1099 
tissues, 413 
lack See Anoxia 
solubility of, 366 
tension, m alveolar air, 364, 409 
in blood, 367, 409 
velocity of oxidation and, 412 
unsaturation and cyanosis, 451 
Oxyhaimoglobm See Haemoglobin 
stronger acid than reduced hasmoglobm, 
418 

Oxyntic cells, 775 
Oxytocin, 45, 55, 1091 


“ P ” (pam producing) factor, 751 
P wave, 245, 247 

after extirpation of S A node, 245 
m auricular extra systole, 287 
auricular fibrillation, 247 
chest leads, 247 
mitral stenosis, 247 
nodal rhythm, 286 
S A heart block, 282 
Pacchionian bodies, 123 
Pacemaker, 245 
Pacinian corpuscle, 547 
Pam, 548, 553 

action potentials set up by, 555 

affefctive component, 555 

angmal, 750 

cerebral cortex and, 571 

complex, 555 

double, 554 

fast and slow, 554 

fibre types, 554 

m arterial embolism and thrombosis, 752 
coronary occlusion, 752 
muscles, 751 
skin, 548, 553 
mksemic, 750, 751 
localization, 571 
nerve endings, 548 
path of, 556, 558, 563 et seq 
prepotence of reflex effects, 555 
referred, 748, 750, 

sensibility in disease, 557, 560, 561, 567 
specific quahty, 553 
stimulus, 553 


Pam, thalamus and, 567, 571 
visceral, 750 et seq 
See individual organs 
Painful feet, 1031, 1035 
Palmitic acid, 861 

Palpatory method of determining the 
blood pressure, 300 
Palpitation, 752 

Pancreas, disease of, 792, 793 795 
extirpation of, 793, 909 
fibrocystic disease of, 795 
fistula of, 790, 793 
insulin from, 910 
islets of Langerhans 909 
ligature of ducts, 909 
nerve supply, 714, 790 
relation to diabetes mellitus, 918 et seq 
secretion of, 790 
acid m duodenum, 791 
acid tide during, 99 
action of mecholyl, 793 
alveolar C0 2 fall during, 397 
bile salts and, 791 
chemical phase, 790 
diet and, 793 

histological changes during, 790 
m man, 793 
nervous phase, 790 
pancreozymin and, 793 
secretin and, 792 
secretin test, 792 
vagus and, 790 
sensibility of, 760, 761 
Pancreatic juice, collection of, 789 
composition of, 105, 790 
functions of, 790 
lipotropic action of, 868 
result of absence, 793 
Pancreozymin, 793 
Panhypopituitarism, 930, 931 
Pantothenic acid, 1020, 1028 
Paper chromatography, 895 
PapiUcedema, 125 
Paralysis agitans, 657, 660 
Paraplegia m extension, 694 
m flexion, 691 

Parasympathetic system, 707 See Auto 
nomic nervous system 
Parasympathetic transmitter, 719 
Parathormone, actions of, 1003 
on bone, 1004 
renal tubules, 1004 
serum Ca and P, 1003 
changes m urine, 1003 
therapeutic use of, 1006 
toxic action of, 1006 
Parathyroid glands, 1002 

active principle of, 1003 See Para 
thormone 
anatomy of, 1002 
control of secretion, 1007 
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Parathyroid glands, deficiency of, calcium 
for, 1006 

dihydrotachysterol(AT10)for,100G 
parathormone for, 1006 
vitamin-!) for, 1006 
extirpation of, 1004 See Tetany 
hyperparathyroidism, 1007 
hypoparathyroidism, 1004 
osteitis fibrosa, 1008 
structure of, 1002 
tumours, of, 1007 

Paretic curve in cerebrospinal fluid, 132 
Parietal lobo, functions of, 668, 677 
type of cortex, 614 
Parkinson's disease, 657 
experimental, 659 
Parotid gland, 774 
Paroxysmal dyspnoea, 463 
hajmoglobinuria, 177 
tachycardia, 290 

Pars intermedia [nervus intermedius], 714 
taste fibres in, 681 

Partition hypothesis of fat absorption, 863 

Parturition, 1091 

nerve supply, 712 See Androgen 
Coitus Testis 
oestrogen and, 1091 
oxytocin and, 1091 
progesterone and, 1091 
Passive incontinence, 773 
Past pointing, 602 
Pavlov pouch, 776 
Pellagra, 1031, 1037 
Pelvi rectal spmeter, 813 
Pendulum movements, 812 
Perns, erection of, 1105 
nerve supply, 712 See Androgen 
Coitus Testis 
Pentose, 835, 839, 878 
Pepsm, 776 
Pepsitensm, 350 
Peptic ulcer, 763, 781 
pain in, 763 
tenderness, 764 
Peptide bond, 876 
Peptone, 876 

shock, heparin secretion in, 145 
Pericarditis, constrictive, 300 
Pericardium, sensibility of, 755 
Perilymph, 596 

Periodic breathing, 400, 406, 408, 464 
Peripheral circulation, study of, 304 
Peripheral nerves, afferent impulses in, 
552, 556, 570 
Peripheral resistance, 302 
blood velocity and, 303 
blood viscosity and, 303 
in arterioles and capillaries, 302 
vessel calibre and, 303 
Peristalsis, 789, 806, 807, 810, 811, 812 etseq 
Peritoneum, sensibility of, 755, 756 
Permeability, capillary endothelium, 6, 110 


Permeability, cell membranes, 7 
of nerve membrane, 483, 485 
pulmonary capillaries, 117 
renal glomerular membrane, 28, 113 
Pernicious ansemia, 196 

achlorhydria in, 197, 784 
anoxia in, 449 
basal metabolism in, 380 
blood changes in, 196 
causes of megaloblastic amemias, 20 1 
folic acid and, 198, n 2 
hremntlnic principle and, 198 
jaundice in, 196 
In cr treatment of 198 
lentricuhn treatment, 203 
vitamm-.Bjj and, 198 
Pes (basis) pedunculi, 701 
pH, 87 Sec Blood, reaction of 
— ph, 841 
— ph, 842 

Phaiochromocytoma, 734 
Phenyl acotic acid, 828 
Phenj lalamne, 877, 882 
Phillipson’s reflex, 694 
Phloridzin, action on kidney, 29, 32, 36 
on carbohydrate absorption, 836 
fat absorption, 864 
glycosuria, 928 

Phospliagen (creatine phosphate), 892 cl 
seq 

Phosphatase 838, 845 
acid, 1002 
in prostate, 1115 

prostatic carcinoma, 1116 
serum, 1115, 1116 
urine, 1115 
alkalino, 1002 
and bone, 1002 

hepatic glycolysis, 845 
growth hormone and, 1002 
m prostate, 1116, 1117 

serum, in bono diseases, 1002 
liver disease, 1002 
Phosphate See Phosphorus 
Phosphoglucomutase, 847 
Phosphoglyceno acid, 843 
Phosphoglyceraldehyde, 843, 848 
Phosphorus (Phosphate), absorption of, 
1001 

adenosme triphosphate, 1001. 
blood reaction and, 94 
carbohydrate metabohsm, 844 
coenzymes, 840 
concentration by kidney, 28 
content of interstitial fluid, 5 
plasma, 6, 73 
creatine phosphate, 429 
excretion of, 1001 
fat metabohsm and, 864 
flavin, 1028 

formation m kidney, 94 
functions of, 1001 



Ph °sphoru s u 

SSteSf^t, 

*aa?j 2 v“ 

Srf ’ 100i 

S'^SKs 

t0> 7 

& m ' 862 - 883 


**■*«*«. 

gS&QV’-H* 

*s§agss** 

ns®. «». 

>gel ° n > ili4 

01 ' w S' 9,8 

uT^ ,! >0 5 S3 lnd ’ >094 I 

UCT i>“f^i ms / 

r&* 2 x„,r otrop, “ o *» / 

fnJl,_. °S'eQin . 0 r PtlOT] j _ / 


/ iSs-f ” - * 

estlr pa,tion tr‘ p0s ° Perm 

Po * of^ cr ^trzed fj’ J m 94 ° 

gP&$S'* 

& 1 c^- . . cLflrl n r. . 


g ^S’ 930 ea 

°34 


94i 

/ 0S “ Crest 8te ^ £ ’ 931 
^ Cfca fc°o 2^*4 990 

iof ain /; ? nd ' ] 094 ’ 40 
me ^2^ 9i0 
* etab °ksm n 6a ? e ’ 41 

S;;,»?°4 932 - ^ 


on ca P^ane“ S X ,8u ®/4 5 

S^e 6 - 322 


SS W0S3 

(gon%do 


ts ?S^K‘^ ,e ° w 

£^io3“»»aatt J(ls , 

fe ‘%X^Wf8 

se ««f.oo H « 

93J ’ act io 0 of 

‘"’"‘Wm, 93, 

l>, to(a , j, a JoS^^iwl, 93J 

^=^55*7 


0r - / ffia ejr ’ 45 

/ - w ' 1094 

0 / flerv 0us ! f ’ 44 W91 > 1094 

/ -53^', 

/ ‘ ntert nedr a fo ’ 47 ‘ 48 

/ , 6 r°sa, 41 h 44 

/ part untion’ 42 > 44 

/ P^tr^^d, 44, io q 7 

SS;Sj.‘S^to. SS o 

S"42,T“”Cvf 

rrf ’''?£oS?bjf“ ?n ' os < 



1172 


INDEX 


Placenta, progesterone from, 1081 

role m breast development, 1092 See 
Mammary Gland 
fcetal respiration, 1097 cl seq 
vitamin-i? and, 1087 
Plantar reflex, 645 

Plasma, changes m stored blood, 7, 184 
composition, 6, 133 

concentrated, for raised intracranial 
pressure, 129 
conditioned, 181 

crystalloid osmotic pressure of, in water 
deprivation, CC 

action on osmoreceptors, 51, 53 
water drinking and, 56 
for lnemorrhago, 86 
shock, 344 

inorganic constituents of See Blood 
kidney and composition of, 22 
loss m traumatic shock, 342 
osmotic pressure of, 14 
stored and dried, 185 
toxic action of, 185 
Plasma proteins, 15 

blood clotting and, 13S, 139 ct seq 
buffer action and CO- carriage, 93, 
134, 418 ‘ 

diet and, 136 
electrophoresis, 135 
fibrinogen, 138 
flow of urine and, 27 
functions of 15, 27, 138, 418 
in cal one deficiency, 1047 
htemorrhage, 84, 137 
hepatitis, 832 
infectious diseases, 137 
nephrosis, 75, 113, 137 
thiamine deficiency, 1031 
urine, 28, 75 ct seq , 113, 137 
isoelectric point of, 134 
molecular weight, 134 
origin of, 137 
osmotic pressure of, 15 
plasmapheresis, 137 
prothrombin, 141 ct seq 
regulation of blood volume and, 16, 
81 ct seq 

relation to flocculation tests of liver 
function, 832 
oedema, 110 

sedimentation rate of red cells, 
172 

salt precipitation, 133 
sedimentation, 133 
tissue fluid formation and, 18 
viscosity, 135 
Plethysmography, 304 
Pleura, sensibility of, 752 
Pleural cavity, absorption of fluid from, 
21 

absorption of gas from, 371 
Pleurisy, pam of, 754 


Pneumonia, anoxia m, 448 
cyanosis in, 454 
Pncumotaxic centre, 386 
Pneumothorax, 368 
absorption of gas from, 371 
anoxia in, 370 
closed, 368, 371 
dyspnoea in, 457 
experimental, open, 368 
m man, 370 

therapeutic (artificial), 371 
valvular, 371 
varieties of, 368 
vital capacity in, 371 
Polychromatophiha, 165 
Polycythsemla, causes of, 168 
cyanosis and, 451, n 2 
cry’thnemia, 168 
in chronic anoxia, 194 

congenital heart disease, 453 
histamine poisoning, 337 
traumatic shock, 340 
Polygraph, 239 
Poly poptidcs, 876 
Polysaccharides, 835 
Polynina m diabetes insipidus, 50 
in experimental diabetes insipidus, 50 
Pons, anatomy* of, 700 
Pool, metabolic, S53, 853 
“ Portal circulation ” (hypothalamo hypo 
physenl veins), 931 
Portal obstruction, 822 
ascites, 822 

collateral circulation, S23 
Portal vein, 819, 822 
Positive supporting reaction, 589 
Post ganglionic fibres, 703 
Post operative embolism and thrombosis 
147 

Posture, regulation of, 682, 593 See 
Muscle tone 

Potassium, action in familial periodic 
paralysis, 520 
in myasthenia gravis, 519 
myotonia congomta, 521 
on autonomic gangha, 523 
heart muscle, 236 
skeletal muscle, 517, 519 
anti curare action of, 517 
balance, 969 

chloride, diuretic action of, 62 
concentration by kidney, 28 
content of interstitial fluid, 5 
of plasma, 6, 74, 970, 
depletion in acidfemia, 96 
in water deprivation, 67 
functions of, 970 
in cells, 970 

cerebrospinal fluid, 119 
red cells, 184 
stored blood, 7, 184 
urine, 970 
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Protein, in milk, 1095 
fate of sulphur of, 882, 899 
“ first and second class,” 1055 
fixed cell, 138 

glucose formation from, 887, SS8 
glycogen formation from, 83G 
m cerebrospinal fluid, 119, 130 
iso electric point of, 134 
labile cell, 138 
lack, effects of, 827 
metabolism See Amino acids 
after pancreatectomy, 794 
converted into blood glucose, S57 
fate of non nitrogenous residues, 887 
in diabetes mellitus, 924 
starvation, 900 
urea formation, 885, 891 
minimum, 903 
nitrogenous equilibrium, 901 
of cerebrospinal fluid, 130 

pathology of, 130 ct seq 
plasm i See Plasma protein 
permeability of cell membranes to, 7 
requirements, 1051 
respiratory quotient of, 373 
sparers, 903 

specific dynamic action of, 380 
synthesis, rate of, 879 
vegetable, 1051 
Prothrombin, 141 ct seq 
activation of, 142 
estimation of, 143 
relation of vitamin Ii to, 151 
test of liver function, S3 1 
time, 143 

Protopathic sensibility, 557 

Provitamm-A, 1021 

Prussian blue react'on for iron, 188 

for tracing absorption of cerebro 
spinal fluid, 123 

Ptosis, 708 
Ptyalin, 835 

Puberty, breast changes at, 1092 
in female, 1067 
male, 1101, 1104 
delayed, 1082 
growth at, 942 

precocious, in adrenal cortex tumour, 
967 

relation of ovary to, 1068 

pituitary to, 1083, 1113 et seq 
testis to, 1107 
thymus to, 1016 
thyroid to, 986 

Pulmonary artery, pressure m, 116 
vasomotor fibres to, 307 
capillaries, permeability of, 117 
circulation, 116, 307 

disturbed, dyspncca from, 458 
effect of respiration on, 313 
m collapse of lung, 307 
emphysema, 307, 459 


Pulmonary circulation, in heart failure, 117 
in mitral disease, 297, 307 
cedemn, 116 
stenosis, 453 

■ventilation, measurement of, 372 See 
Breathing Lungs 
Pulse, anacrotic, 262 
arterial, 261 
catacrotic, 262 
collapsing, 298 
dicrotic notch and wave, 262 
jugular venous, 259 
pressure, 301 
radial, 262 

“ water hammer,” 298 
wave velocity of, 262 
rclntion to elasticity of arteries, 262 
Puncture (piqure) gljcosuna, S60 n 2 
Pupil, action of adrenaline on, 729 
Argj 11 Itobertson, 579 
cerebral cortex and, 579 
in com ergence accommodation reaction, 
579 

Homer’s sj ndrome, 70S 
light reflex, 57S 
nerve snpph of, 70S, 715 
superior colliculi and, 575, 57S, 702, 
70S 

Purine, S7S, S95 S9G S97 
metabolism, S96 
m gout, SOS 
sources of, S96 

sj nthesis of, 897 Sec Uric Acid 
Purkinje cells of cerebellum, 605 
fibres, 23 1 

tissue, properties of 235 
Purpura, 157 
athrombocytopenic, 159 
bleeding time in, 15S 
blood platelets m, 159 
capillary resistance in, 15S 
coagulation time m, 157 
in * hj persplenism,” 159 
skin microscopy, 15S 
splenectomy for, 159 
thrombopcnic, 159 
Putamen, 630, 656 

Pvknosis in developing red blood corpuscles, 
165 

Pyloric glands, 775 
gastrin fiom, 779 

Pyloric obstruction, blood changes m, 105 
test meal in, 7S3 
sphincter, 810 

in achylia gastnea, SOS 
vomiting 811 
nerve supply of, 710, 714 
reflex contraction of, S16 
stenosis, 783 

hypertrophic, SI 6 

Pyramidal cell layers of cerebral cortex, 
613 
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Red blood corpuscles, after splenectomy, 230 
agglutinogens m, 176 
blood reaction and, 93 cl scq 
carbonic anhydrase in, 415 
chloride shift, 420 
C0 2 carriage and, 414 ct scq 
destruction of, 187 
development of, ICO 
anoxia and, 194 
bile and, 210 
copper and, 194, 213 
extrinsic factor and, 200 
factors controlling, 191 
folic acid and, 198 n 2 
luomatinic principle, 198 
in bone marrow, ICO 
experimental study, 103 
embryo, ICO 
liver and spleen, 1G1 
intrinsic factor and, 200 
iron and, 201 cl scq 
liver and, 197 
protein and, 210 
stages of erythropoiesis, 1G3 
thyroid and, 194 
ventncuhn and, 203 
vitamin B 12 and, 198 
vitamin-2? group and, 194, n 1 
vitamin G and, 194 
diameter of, ICG 
duration of life of, ISC 
erythropoiesis, 1G3, 194 
film of, 163 
fragility of, 168 

action of hamiolytic serum on, 170 
after splenectomy, 229, 231 
cells m spleen, 226 
in acholuric jaundice, 170, 229 
anaemias, 169 

grouping of, 176 Sec Blood groups 
haimoglobin of (q v ), 173 
hypochromic, 168, 212 
in aplastic anaemia, 194 
haemorrhage, 85 
infants, 167 

pernicious anaemia (q v ), 19G el scq 
pregnancy, 206 
scurvy, 194 
sprue, 204 
liver and, 197 
macrocyte, 167 
macrocytic anaemia, 168, 196 
maturation factors, 194 
mean corpuscular hemoglobin, 1G7 
mean corpuscular volume, 167 
microcyte, 167 
normal, 166 
normochromic, 168 
normocyte, 167 
number ot, 167 
oxygen carriage by, 409 et seq 
permeability of, 7, 166 


Redblood corpuscles, Price Jones curve, 167 
regulation of erythropoiesis, 194 
relativo rolume of packed red cells, 
1G7 

rcscri oir m spleen, 226 
reticulo endothelial system and, 163 
sedimentation rate of, 172 
fibrinogen and, 172 
in disease, 173 
pregnancy, 173 
spherocytc, 170 
spleen and, 163, 223 ct scq 
staining of, 163 
stored, 7, 1S4 
syunpathectomy on, 715 
types of an'emia, 168 
<Scc also Anicmia Haemoglobin 
Jaundice Liver Reticulo 
endothelial system Spleen 
Red line, 322 
Red nucleus, 701 
Reduction dmsion, 1101 
Referred pain, 74S 
cause of, 756, 757 
from deep somatic structures, 748 
heart, 750, 752 
intestine, 762 
pericardium, 755 
peritoneum, 755 
pleura, 753 
in appendicitis, 764 
peptic ulcer, 763 
mechanism of, 756 

central misinterpretation, 759 
dorsal root branching, 758 
Reflex, abdominal, etc See individual 
reflexes 

Reflex action, 526-546 

action of acetylcholine on 530 
of adrenaline on, 728 

anticholinesterases on, 531 
esonne on, 531 
after discharge, 526, 537 
block, 536 

central excitatory state, 528 
inhibitory state, 528, 542 
central transmission, 528 
conditioned, 675 Sec Conditioned 
reflexes 
delay, 632 
fatigue, 637 

final common path, 527 
frequency of stimulation and, 541 
general features of, 532 
inhibition in, 542, 623, 739 
reciprocal, 545 See Reciprocal 
innervation 
time relation, 543 
internuncial neurones, 527, 529 
irradiation, 536 
latent period, 532 
localization, 536 
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Rigidity, in striatal disease, 657 
m visceral disease, 748, 769 
Ring experiment, 291 
Robinson’s test m Addison’s diseaso, 956 
Rods, 1022 
Romberg’s sign, 562 
Rouleaux formation, 172 


Saccharose (sucrose) digestion of, 835 
Saccule, 596 See Otolith organ 
Sacral autonomic system, 707, 767 
outflow, 707, 712 

“ Safe period ” (more or less), 1066 
Saline, effects of drinking of, 62 
in intestinal obstruction, 109 
injection of, after hremorrhngc, 85 
effect on blood volume, 61, SI 
on circulation, 59 
flow of urine, 60 
C S P pressure, 126 
tissue fluid formation and, 15, 81 
Saliva, 68, 774 
Salivary glands, 774 

employed in study' of conditioned 
reflexes, 676 

gastro salivary' reflex, 774, n 3 
nerve supply', 709, 714 
cesopliago salivary reflex, 774, n 3 
secretion of, 774 

Salt, 1056 Sec Chloride Saline Sodium 
Salt depletion test in Addison’s disease, 
956 

Saponification of fat, SO 2 
Saturated and unsaturated hpidcs, 861 
Schafer’s method of artificial respiration, 
381 

Scrotal dermatitis, 1031, 1035 
Scurvy, 1039, 1042 Sec Vitamin C 
blood in, 1039, 1042 
clinical, 1042 

experimental in man, 1039 
skm changes in, 1039, 1041 
teeth in, 1043 
wound healing in, 1041 
Sea sickness, 602 
Second wind, 442 

Secondary sex characters, actions of 
androgens on, 1111 
female, 1068 
male, 1107 
Secretin, 792 
action, 792 
m man, 792 
on bile, 800 
pancreas, 792 
succus entericus, 796 
release of, 791 

test of pancreatic function, 792 
Secretion, 19 See individual glands 
Sedimentation rate of red cells, 172 
Segmentation in intestine, 812 


Selenium, effect on liver, 827 

poisoning, relation to sulphur metabolism, 
827 

Semon (seminal fluid), 1103 
coagulation of, 1103 
fibnnolysin m, 1103 
hyaluromdaso in, 1103 See Sperm 
Semicircular canals, 597 

action potentials from, 598 
autonomic reflexes from, 602 
Barnny ’s test, 601 
central connections of, 597 
extirpation of, 000 
mode of action, 598 
structure of, 596 Sec Vestibular 
apparatus 
Sermnnl tract, 1102 
xcsicles, 1103, 1105 

Seminiferous tubules, 1101, 1108, 1111, 
1114 Sec Testis 

Scmipermeablc membrane, 13 n 2 
Sense of passu c moxenicnt, 560 
of position, 560 
Sense organs Sec Receptors 
Sensory cortex, structure of, 5GS Scr 
Cerebral cortex 
decussation, 562 

impulses in brain stem, 562 ci seq 
in peripheral nerves, 556 
spinal cord, 55S ct seq 
nerve endings, 547 ci seq See Receptors 
Serine, 876 ^ 

Serous cavities, fluid absorption in, 21 
Sertoli, cells of, 1102 

Serum albumin Sec Plasma proteins 
globulin Sec Plasma proteins 
Sex chromosome 1101 
Sex glands Sec Ovary' Testis 
Shallow breathing, anoxia in, 447 
in pulmonary' embolism, 458 
Sham feeding, 777 
Sherrington phenomenon, 721 
Shock, spinal, 690 
trumatic, 339-344 
blood changes in, 340 
pressure m 340 
volume m, 340 
clinical picture, 340 
crush syrndrome, 343 
experimental, 341 
kidney m, 340, 343 
mechanism, 341 
pulse rate in, 346 
role of chemical agents, 344 
of fluid or plasma loss, 342 
hamiorrhage, 341 
infection, 343 
reflexes, 343 
treatment of, 344 
Shortening reaction, 586 

grafted on to reflex contraction, 586 
Shunt blood, 333, 448, 453 
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Similarity and difference, appreciation of, 
569 

Simmonds’ disease, 930, 931, 961, 1113 
Singapore captmty, nutritional studies, 
1031 

Smo-auricular node, 233 

block m, 282 See Heart block 
cooling and heating of, 245, 286 
extnpation of, 245 
morphology of, 234 
nerve supply of, 234 
origin of cardiac impulse m,234, 236 245 
properties of fibres of, 235 
relation to P wave, 245 
stimulation of vagus on, 268 
structure of, 234 
Sinus arrhythmia, 271 
Smus nerve, 738 See Carotid sinus 
Skeletal growth See Bone Growth 
Skew deviation of eyes, 601 
Skis, actios of cold, 32S 
of heat, 327, 468, 474 
histamine on, 325 
light on, 32S 
noxious agents on, 325 
capillaries of ( q v ), 319 et seq 
pressure m, 16 
colour of, 321 

dorsal nerve root dilators and, 722 
heat loss, 466 
hyperalgesia, 747 
in pellagra, 1037 
scurvy, 1040, 1041 
insensible perspiration, 467 
m vitamm-A deficiency, 1024 
liberation of “ H ’’-substance in, 325 
microscope, 319 
reactive hyperemia, 329 
sensibility m, 552 et seq 
sensory nerve endings in, 547 
sweat, 467 
glands, q v 

sympathetic nerve supply of, 708, 709 
et seq 

temperature of, 305, 475, 476, 477 
urticaria factitia, 110 
vascular responses of, 321 
flare, 323 
red line, 322 
triple response, 322 
wheal formation, 324 
white line, 321 See Temperature 
vitamin D synthesis in, 1101 
Sleep, 685-687 

a form of conditioned inhibition, 685 
alveolar air in, 103, 405, 685 
Babinski response in, 685 
carotid smus and, 686, 766 
effects of prolonged wakefulness, 686 
electroencephalogram in, 625, 686 
liypnotoxin theory of, 6S6 
hypothalamus and, 715 


Sleep, phenomena of, 685 
produced by ergotamme, 687 
sleep centres, 687 
theories of, 686 

Small intestine, absorption in, 796, 797, 
S63, 997, 1021, 1022 
Auerbach’s plexus and, 714, 807, 812 
digestion in, 716, 862 
gastro-ileal reflex, 812 
hormones of, 
cholecystokinm, 802 
enterogastrone, 750 
pancreozymin, 793 
secretin, 792 
ischajmic pam in, 752 
jejuno-ileal insufficiency, 797 
movements of, 811 
nerve supply of, 714, 716 
obstruction of, simple, 108 
with strangulation, 110 
low, 109 

pendulum movements, 812 
peristalsis, 812 
reaction of contents, 998 
secretion of, 796 
segmentation, 812 
sensibility in, 763 

villi, movements of, 865 See Intestine 
Smell, cortical centre for, 5S2 
path, 582 
Soaps, 862 

Sodium, and heart muscle, 236 
and nerve membrane, 484 
content of intracellular fluid, 5 
of plasma, 6 

to cerebrospinal fluid, 119 
sweat, 467 

lack and renal function, 73. 
of plasma, 6, 73 

after adrenalectomy, 955 
m asthenic uremia, 74 
permeability of cell membranes to, 

7 

reabsorption by renal tubules, 28, 33 
retention m cardiac failure. 111 
in chronic nephritis, 115 
See Chloride Saline 
Spasticity m pyramidal lesions, 642 
Spatial relationships, 569 
summation, 534 
Specific dynamic action, 380 
Speech, 653-656 
centres, 653 
dysarthria, 656 
to cerebellar lesions, 611 
frontal lobe lesions, 672 
Marie’s views on, 654 
varieties of aphasia 655 
Sperm (spermatozoa), 1101 
count, 1103 

in reduced male fertility 1103 
form hvaluromdase, 1103 
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Sperm, influence of epididymis on 1102 
motility of, 1103, 1106 
survival time in vagina, 1106 
Spermatids, 1101 
Spermatocytes, 1101 
Spermatogenesis, 1102, 1103 
Spermatogonia, 1101 
Spherocyte, 170 
Sphincter am, 814 
cardiac, 806 
lleocaical, 812 
pupillai, 716 
pyloric, 808, 810 
vesicai, 767 cl scq 
Sphygmograph, 262 
Sphygmomanometer, 300 
Spliyngomyelin, 861 
Sphyngosme, 839 
Spike potential, 485, 502 
Spinal cord, 526-546 

action of acetylcholine on, 530 719 
of adrenaline on, 72S 

anti cholinesterases on, 531 
central vagus stimulation on, 765 
eserine on, 531 
ascending tracts of, 558, 6S8 
complete trans-section of, 6S9 

bladder function, 690, 692, 769, 772 
blood pressure, 690 
coitus reflex, 693 
flexor reflex, 692 
knee jerk, 693 
mass reflex, 692 
muscle tone, G91 
reflex movements, 691 
shock after, 690 
stage of failure, 693 
of flaccidity, 690 
reflex activity, 691 
descending tracts of, 68S 
diseases of, sensation in, 560 
endogenous fibres of, 689 
hffimatomyeha, 560 
hemisection of, 560, 695 
incomplete trans-section of, 694 
muscle tone, 694 
reflexes 694 

internuncials (interneurones), 527 
intramedullary tumours, 560 
reflex action ( q v ), 526 et seg 
segmental distribution m, 558 
subacute combmed degeneration, 197, 
560 

syringomyelia, 560 

tumours of, loculation syndrome from, 
129 

Spinal shock, causes of, 690 
Splanchnic nerves, 308, 315, 730 
Spleen, 223-231 

bilirubin formation in, 187 
blood destruction m, 187 
formation in, 160 


Spleen, contraction of, 226 
defence reactions of, 229 
emptying phase, 224 
extirpation of, 231 See Splenectomy 
filling phase, 224 
fragility of red cells and, 226 
functions of, 225 
hfemolysin formation m, 228 
hyporsplemsm, 229 
in lcuktemia, 225 
lymphocytes formed in, 218, 225 
macrophages in, 187, 224 
nerve supply of, 226, 711 
relation to purpura, 159 

congenital hrcmoly tic (acholuric 
jaundice, 229 
reservoir of red cells, 226 
sensibility of, 761 
storage function, 226 
storage phase, 227 
structure of, 223 
vascular arrangements, 223 
weight of, 225 
Splenectomy, 230 
for acholuric jaundice, 229 
luemolytic anaemia, 229 
liypersplcmsm, 230 
purpura, 159 

Spontaneous deviation, 602 
pain in thalamic lesions, 567 
Sprue, 204, 1001 
Stagnant anoxia Sec Anoxia 
Standing reflexes See Attitudinal reflexes 
Starch, digestion of, 835 
Starvation, adrenal corticoids secreted in, 
1017 

basal metabolism m, 378 
blood glucose, 901 
creatine in urine, 894 
fatty liver in, S68 
ketosis in, 901 
metabolism in, 900-902 
nitrogenous excretion in, 901 
sources of energy, 901 
thymus in, 1016 
urinary changes m, 892, 901 
use of fat 900 

of tissue protein, 900 See Under 
nutrition 

Static reactions, 590 
Status thymo lymphaticus, 1017 
Stearic acid, 861 
Steatorrhcea, 998 
Stellate ganglion, 709 
Stercobilin, 193 
Stereognosis, 569 
Sterdity, during lactation, 1095 
treated with gonadotrophin, 1086 
Steroids, 1074 
Stigmasterol, 1081 
Stilbcestrol, 1078 
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Stimulus, relation to sensation, 551, 570 
See Receptors 

Stokes Adams syndrome, 284 
Stomach, cancer of, 785 
cardiospasm 815 
digestion m, 862 
effects of emotion on, 786 
emptying rate, 810 
gastrin m, 779 

gastric juice, antiseptic action of, 775, 
n 1 

collection of, 776 
composition of, 105, 775 
digestive action, 776 
intrinsic factor m, 202 
secretion of, 777 

alveolar CO™ changes during, 
397 

appetite juice, 777 

a conditioned relies, 678 
blood sugar changes and, 780, 
785 

chemical phase, 778 
chemical transmitters and, 776 
continuous, 781 
curves of acidity, 782 
emotion on, 786 
enterogastrone on, 780 
fat on, 780 
food on, 778 

fractional test meal (g v ), 781 
gastrin on, 779 
gastrozymin on, 780 
histamine test, 783 
hypothalamus and, 716 780 
insulin histamine test, 786 
in achyha gastnca, 784 
cancer of stomach, 785 
duodenal ulcer, 787 
fasting, 781 
gastric ulcer, 788 
man, 781 

pernicious anamiia, 197, 784 
msulm test, 785 
intestinal phase of, 777 
methods of investigation in 
man, 781 et seq 
nervous phase, 777 
Pavlov pouch, 776 
sham feeding, 777 
sympathetic and, 775, 786 
urogastrone on, 780 
vagotomy and, 788 
vagus and, 777, 788 
glands of, 775 

hormones formed in, 779, 780 
hunger contractions m, 810 
hypertrophic pyloric stenosis, 816 
intrinsic factor m, 201 
movements of, S07, 810, 1029 
m disease, 816 
mucous membrane of, 775 


Stomach, nerve supply of, 716, 809 
pain from, 762, 763 
pernicious anasmia, relation to, 197 
regurgitation into, 782, 810 
secretion of, 777 
sensibility m, 762 763 
shapes of, 809 
structure, 775, 807 
tone m, 809 
ulcer of, 763 
ventricuhn, 203 
vomiting and, 811 
Strangulation of intestine, 110 
Stratosphere, flying m, 446 
Strength duration curve, 493 

of denervated muscle, 506 
nerve, 493 

Stress, ACTH and, 947 
adrenal cortex and, 947 
adrenaline secretion in, 731, 732, 950 
mechanism of response to, humoral, 948 
nervous, 948 
Stretch receptors, 547 

See Bladder Carotid smus In 
testine Lung Muscle skeletal 
Receptors 
Stretch reflexes, 588 

relation to knee jerk, 644 
to decerebrate rigidity, 584 
Strife acousticoe, 572, 700 
Subacute combined degeneration of cord, 
197, 560 

Subarachnoid space, 118 et seq 
Subdural space, 118 
Sublingual gland See Salivary glands 
Submaxillary gland See Salivary glands 
Substantia mgra, 657, 701 
Substrate competition, 509 * 

Succinic acid, 851, 852 
Suecus enterieus, 105, 796, 835 
Ruc klin g causes prolactin secretion, 1094 
uterine contraction, 1095 
Sucrase, 835 
Sucrose, 835 

Sudanophil granules in adrenal cortex, 944 
Sulphate (Sulphur), biotm, 1028 
concentration by kidney, 28 
conjugation in liver, 82S 
content of intracellular fluid, 5 
of plasma, 6 

cystine or cysteine and, 877, 882 
ethereal, 891, 900 
heparin and, 145 
m cerebrospinal fluid, 119 
mdoxyl sulphate, 900 
mdican, 900 
inorganic, 891, 899 
in urine, 891, 899 
methionine, 877, 882 
mucoitm polysulpburic acid, 839 
neutral sulphur, 891, 900 
taurine, 798 
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Sulphate, thiamine, 1025 
Sulpli-haimoglobimcmia, cyanosis from, 
454 

Sulphonamides, induce vitamin B de 
ficiency, 1020, 102G, 1038 
Summation, in reflex action, 525 
in skeletal muscle, 600 
spatial, 525 
temporal, 525 
Superficial reflexes, 645 
abdominal, 645 
Babinski, 645 
cremasteric, 645 
plantar, 645 
sensibility, 556 

Superior corpora quadngermna, 575, 702, 
70S 

Argyll Robertson pupil from lesion 
of, 580 

Suppressor bands, 620 

action on caudate nucleus, 621 
on cortical movements, 623 
electroencephalogram, 620 
lower motor neurones, 623 
reticular formation, G23 
spinal reflexes, 623 

extirpation of 4s, spasticity resulting, 
624 

Supraoptic nucleus, action of acetyl- 
chobne on, 719 
on posterior pituitary, 42, 47 
Suprarenal gland Sec Adrenal gland 
Surface area and metabolic rate, 378 
vital capacity, 378 

Surgical shock See Shock, traumatic 
Swallowing, 805 
Sweat, composition of, 467 
insensible .perspiration, 467 
Sweat glands, action of acetylcholine, 
481 

of adrenal cortex, 945 
adrenabne, 481, 728 
apocrine, 467 
axillary, 467 

congenital absence of, 476 
eccrme, 467 

nerve supply of, 467, 481, 508, 709, 719, 
724 et seq 
secretion of, 467 

and dehydration, 468, 477 
by rise of external temperature, 467, 
476 

m emotion (mental), 467 
exercise (thermal), 442, 467 
fever, 480 
heat stroke, 479 
maximal, 467 

Sympathectomy, complete, effects of, m 
animals, 715 
for bladder pain, 768 
Buerger’s disease, 361 
essential hypertension, 357 


Sympathectomy for Raynaud’B disease, 359, 
361 

Sympathetic nervous system, 707 

action potentials in nerves, 303 
and muscle fatigue, 521 
chemical transmitter at postgangli 
onic terminals, 508, 510, 722 
m sympathetic ganglia, 523 
cholinergic fibres m, 481 
opliedrmo and, 510 
extirpation of, 715 See Sympath- 
ectomy 
ganglia of, 711 
higher control of, 716 
hypothalamus and, 716 
nicotine and, 7 15 

relation of adrenaline and nor 
adrenaline to, 722, 724, 728 
to adrenal gland, 730 
bladder, 710, 767 
blood v essels, 303 cl seq 
bronchi, 709 
capillaries, 320 
eye, 708 
fore limb, 709 
gall bladder, 711, 801 
head and neck, 707 
heart, 270, 709 
hind limb, 709 
kidney, 27 
liver, 839 
parietcs, 709 
skeletal musclo, 521 
skin, 708 
spleen, 226 

Btomnch and intestines, 710 
sweat glands, 4S1 
thyroid 709, 9S2 
uterus, 711 
voins, 31S 

Sympatlioinimetio action of adrenaline 
722 

Synapse, 522 

Synaptic potentials in sympathetic gangha 
524 

curare on, 524 
summation of, 525 
Synaptic termmal, 522, 530 
Synaptic transmitter, 523 
Syncytium, heart muscle as, 233 
Synergic (fixing) muscles, 651 
Syringomyelia, 560 

Systole of heart See Auricle Ventricle 


T1824 (Evans’ blue), 9 
T wave, 250 

in chest leads, 251 
Tabes dorsalis, 561 

cerebrospinal fluid in, 131 
Charcot’s joint m, 561 
deep reflexes in, 562 
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Tabes dorsalis, disturbed voluntary move 
ment in, 562 
lightning pains m, 561 
micturition in, 562 
pathology of, 561 
Romberg’s sign in, 562 
sensory changes m, 561 
trophic changes m, 561 
Tache ctrebrale, relation to “ red line,” 323 
Tachyphylaxis, 350 
Tactile corpuscle, 548 
discrimination, 569, 570 
localization, 569, 570 
sensibility, 552 See Touch 
Taste, cortical centre for, 581 
path, 581 
Taurine, 798 

Taurocholate of sodium, 797 See Bile 
salts 

Teeth, caries of, 1013 
effect of diet on, 1013 
structure of, 1013 
Tegmentum, anatomy of, 701 
Temperature (regulation), 465-481 
cold exhaustion, 480 
response to, 474 
diurnal variation, 469 
effect of age, 472 
of clothing, 478 
drugs, 717, n 1 
exercise, 442, 472 
external conditions, 468, 472 
food, 469 
menstruation, 472 
pontine hemorrhage, 473 
sleep, 470 
weather, 468, 472 

on arteno venous anastomosis, 318 
blood reaction, 478 
blood vessels, 327, 468, 477 
breathing, 478 
circulation time, 262, 468 
dissociation of hemoglobin, 411 
distribution of cardiac output, 262, 
468 

heart, 236, 274, 477 
metabolism, 378 
spleen, 226 

sweating, 467, 475, 476, 478 
testis, 1110 
thyroid, 982 
fever, 480 

heat cramps, 65, 478 
heat loss, 466 
heat production, 465 
heat stroke, 479 

impulses in nervous system, 558, 559 
el seq 

m mouth, 469 
night workers, 472 
pulmonary tuberculosis, 472 n 1 
rectum, 469 


Temperature, in urine, 468 
normal, 468 
pyrexial treatment, 479 
refrigeration, 480 
regulation, 473 
adrenal and, 474 
cerebrum and, 473 
hypothalamus and, 473, 717 
nervous system and, 473 
thyroid and, 474 
response to cold, 480 
to heat, 474 
skin, 321, 327, 358, 360 
sweating, 467 et seq 
temperature sensibility in skm, 552 
in disease, 560, 696 
m viscera, 763 et seq 
temperature sensory endings, 548, 
Temporal lobe, 574, 631, 653, 669 
Temporal summation, 534 
Temporo pontine fibres, 631 
Tenderness (hyperalgesia), 747, 748 
causes of, 759 
Tendril fibres, 606 

Tension of gas in liquid, 366 See Carbon 
dioxide Oxygen 
Testis, 1101-1117 
adrenal cortex and, 967 
androgens, q v 
cryptorchidism, 1109 
descent of, 1114 
eunuchoidism, 1112 
extirpation of, 1107 
graft of, 1110 

hormones of, 1110 See Androgens 
interstitial cells, 1104 
Klinefelter syndrome. 111 4 
pituitary control of, 1113 
prostate and (q v ), 1111 
relation to puberty, 1104, 1107 
to thymus, 1016 
semen ( q v ), 1103 
seminiferous tubules, 1101 
spermatogenesis, 1101 
spermatozoa ( qv ), 1101 
structure, 1101 
temperature on, 1109 
teratoma of, gonadotrophin in urine 
1088 

thyroid and, 986 

tying ductus (vas) deferens, 1108 
vitamm-K and, 1087 
Testoids, 1076, 1110 
Testosterone, 1076, 1110 
propionate, 1111 
Tetanus of muscle, 500 
Tetany, after extirpation of parathyroid 
glands, 1004 
blood changes in, 1004 
causes of, 323, 1007 
clinical manifestations, 1005 
from hyperpncea, 408, 100 5, 1007 
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Tetany, in alkal'emia, 1007 
in intestinal obstruction, 109 
man, symptoms of, 1003 
nephritis, 77 
osteomalacia, 1012 
rickets, 1007 
treatment of, 1006 
See Parathyroid gland 
Thalamic animal, 664 
syndrome, 567 
Thalamus, 564 

and extra pyramidal fibres, 630 
prefrontal lobes, 660 
sham rage reaction, 664 
suppressor circuit, 621 
centre for conscious sensation, 566, 571 
connections of, 564, 61S 
disease of, 667 

emotional expression and, 567, 664 
functions of, 566, 571 
nuclei of, 564 

relation to chorea and athetosis, 567, 660 
to electroencephalogram, 617 
Thiamine (aneurin, vitamin-Bj) 
clinical uses of, 1030, 1033 

for alcoholic neuropath} , 103G 
Wernicke’s syndrome, 1036 
diphosphotlnammo, 1026 
in blood, 1030 
rations, 1063 
urme, 1030 

relation to ben beri, 1032, 1036 
requirements, 1025 

results of deficiency, 1029, 1030, 1031 
sources of, 1025, 1052-1034 
structure of, 1025 
Thiazol, 1025 
Thiochrome, 1025 

Thiocyanate, action on thyroid, 974, 981 
Thiouracil, 975, 981, 989, 996 
Thirst, G8 

and NaCl deficiency, 66 
excess, 64 
Thoracic duct, 865 
Thoracico lumbar outflow, 707 
Threonine, 877 
Threshold bodies, 29 
Thrombin, 141 et seq 

Thromboangiitis obliterans (Buerger’s dis 
ease), 361, 751 

Thrombocytes, 155 See Blood platelets 
Thrombokinase See Thromboplastin 
Thrombopenia, 156 
Thromboplastin, 142, 1103 

of plasma for hiemophilia, 150 
viper venom for haemophilia, 151 
Thrombosis, intravascular, 147 
post operative, 149 
Thymine, 878 
Thymus, 1076 

action of hormones on, 1016 
development of, 1016 


Thymus, extirpation of, 1017 
factors influencing size of, 1016 
hyperplasia of 1017 
relation to myasthenia gravis, 519, 1017 
to testis, 1016 

status thymo lymphaticus and, 1017 
structure of, 1016 
thymic asthma, 1017 
Thyroglobuhn, 971 
Thyroid, 971 

action of inorganic iodide lei el on, 975 
of organic thio compounds on, 973 
thiocyanate on, 971, 981 
on bone, 979 
breast, 979, 1091 
kidney, 979 

P excretion in urine, 1001 
anterior pituitar} and, 973 
atrophy of, 972 

carbohydrate absorption and, 836 
colloid of, 971 
composition of, 971 
cretinism 9S6 
cy clic actn lty of, 976 
deficiency, 982 
diabetes, 91S, 979 
dnodoty-rosine, 972, 974 
dried, used therapeutically , 976 
by perplasia of, 972 
iodide oxidized to iodine in, 974 
iodine deficiency hyperplasia, 9S6 
myxeedoma, 9S2 
potentiates adrenaline, 729 
secretion of, regulation of, 979 
blood iodide level, 981 
external temperature, 9S2 
hypothalamus, 980 
sympathetic nerves, 982 
thyrotroplne hormone ( q v ) 
979 

selective absorption of iodide, 973 
simple goitre, 986 
structure of, 971 

sympathetic nerve supply of, 709 
thyroglobuhn, 971 
thyroxine, q v See Iodine 
Thyroid inhibiting factor, 981 
Thyrotrophic hormone (TSH), 979, 980 
action on extraocular tissues, 981 
blood level, role of, 980 
control of secretion of, 980 
blood thyroxine, 980 
nervous, 980 
fate of, 980 
injection of, 980 

7 relation to clinical exophthalmos, 
993 

7 role m Graves’ disease, 990, 993 
thyroid hyperplasia produced by, 
980, 989 
Thyroxine, 972 
actions of, 976 
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Tyrosine, relation to melanin, 957 
thyroxine, 974 

Ulcer, peptic, 787, 788 
Undernutrition, clinical, 1049 
fatty liver m, 869 
m Belsen camp, 1045, 1050 

German extermination camps, 1050 
London famine (1837-38), 1050 
Prisoner of War camps, World War II, 
1049 

kwashiorkor, 869 

moderato calorie deficiency (Carnegie 
experiment), 1045 
rehabilitation from, 1048 See 
Starvation 

severe calorie deficiency (Minnesota ex- 
periment), 1045 
Unipolar excitation, 1120 
Upper motor neurone, 632 
Uracil, 878, 896 

Ursemia, blood changes in, 73, 76 
Cheyne Stokes breathing m, 77, 464 
due to NaCl deprivation, 65 
intracranial pressure m, 77 
latent (asthenic), 73 
sthenic, 76 

water intoxication and, 58, 77 
Urea, clearance test, 34, 39 
concentration test, 69 
formation of, 885-887 

after hepatectomy, 836 

in blood, 71 

after complete hepatectomy, 825 
incompatible blood transfusion, 
183 

removal of kidneys, 74 
high protein diet and, 72 
in adrenal insufficiency, 956 
chloride deficiency, 65 
chrome nephritis, 76 
haemorrhage, 84 
intestinal obstruction, 108 
urasmia, 73, 74 
water deprivation, 67 
ingestion of, 69 
m nephritis, 75 el seq 
in urine, 28, 54, 69, 891 

effect of protein free diet and 
adequate calories, 891 
of protem mtake, 891 
m starvation, 891, 892 
uraemia, 73, 74 et seq 
significance of, 891 
kidney and, 28, 31, 39, 54, 69 
Ureter, nerve supply of, 711 
pain from, 748, 763 
Uric acid, 895 

concentration by kidney, 28 
formation and fate, 897 
m blood, 28, 73, 898 
gout, 898 


Urine, unno, 28 898 
acid phosphatase in, 1115 
adrenal corticoids in, 954 
alcaptonuna, 890 
ammonia of, 97 
antidiuretic hormone in, 1090 
bicarbonate of, 96 
bilirubin in, 193 
biotin m, 1038 
calcium of, 999 

chloride of (q v ), 29, 33, 63 et seq 
composition of, 28 
concentration, 29 
corticoids in ( q v ), 954 
creatine of, 894 
creatinine of, 28, 894 
gonadotrophin in (q v ), 1088 
lnppuric acid in, 23 
hormones in, 1087, 1090 
m Addison’s diseaso (q v ), 957 
diabetes insipidus ( q v ), 49 
diabotes mcliitus, q v 
Klinefelter's syndrome, 1114 
nephritis (q v ), 75, 113 
nephrosis (q v), 113 
pregnancy \q v ), 1087 
starvation (q v ), 892, 900 
ketone bodies m, q v 
neutral 17-kotosteroids m, 952 
nitrogenous constituents of, 891, 1048 
oestrogen m, 1077, 1087 
oxystoroids in, 954 See Adrenal 
corticoids 

parathormone on, 1003 
phosphate of, 28, 73, 94 
pregnanediol in, 1080, 1088 
reaction of, 96, 98 
meals and, 99 
salt loss and, 107, 108 
secretion of, 27 See Kidney 
specific gravity, 29 
sugar in See Glycosuria 
sulphur compounds of (q v ), 899 
temperature of, 468 
thiamme in, 1030 

thresholdandno threshold substances, 29 
urea of (g v ), 891 
uric acid of, 898 
urobilin in, 193 
vitamin-C m, 1042 
Urine, volume of, adrenaline on, 728 
antidiuretic hormone on, 45 
caffeine on, 70 

circulatory changes on, 25 et seq 
diet on, 30 
emotion on, 53 
exercise on, 53 
fluid loss on, 67 
haemorrhage on, 83 
ingesting saline on, 62 
injecting saline on, 59 
in nephrosis, 113 
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Unne, volume of, minimal 30 
pituitary on, 45 49 et seq 
potassium chloride on, 62 
protein intake on, 70, 115 
regulation of, 30, 51 
salt deprivation on, 55, 64 
salt intake on, 54, 62 
sleep on, 70 
thyroid and, 51 
urea mgestion on, 54, 69 
water deprivation on, 54, 67 
water drinking on, 55 et seq 
See Kidney 
Urobilin, 193 
Urobilinogen, 193 
Urogastrone, 780 
Urticaria factitia, 110 
Uterus, androgen on (gynrecogemc action), 
1082 

changes during menstrual cycle (q v ),1069 
during cestrous cycle, 1074 
pregnancy (q v ), 1098 
control of parturition, 1091 
in coitus, 1105 
nerve supply, 711 
oestrogen on, 1079, 1082 
oxytocin on, 1080, 1091 
progesterone on, 1080, 1091 
puberty and, 1068 
structure, 1069 
suckling on, 1095 
Utricle, 596 See Otolith organ 
U-wave, 250 

Vagina, 1074, 1079, 1082, 1105 
Vaso vagal attack, 271 
Vagus, afferents of, 387, 735, 789 

from great vems (auricular), 272, 735 
from lungs, 387 

aortic fibres of, 735 See Aortic nerve 
atropine and, 290, 720 
cardiospasm and, 815 
chemical transmitter of, 719 
depressor fibres in, 735 See Aortic 
nerve 

efferent fibres m, 268, 712 
escape, 270 
ganglia of, 712 
heart block, 270, 282 
mechanical stimulation, 741, n 1 
nodal rhythm, 286 
nucleus ambiguus, 698, 712 
dorsal, 268, 698, 712 
“ intercalates,” 698, 712 
pressor fibres m, 739 
reflex accelerator fibres m, 272 
relation to asthma, 409 
breathing 387 
dyspnoea, 458 

section of, 268, 386, 388, 402 
m man, 788 

sinus arrhythmia and, 271 
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Vagus, stimulation of central end, on 
breathing, 388 
on circulation, 738 
spinal cord, 765 

of peripheral end, action on heart, 268 
on blood pressure, 268 
to alimentary canal, 714 
bronchi, 409 

coronary arteries, 237, 713 
heart, 268, 712 
islets of Langerhans, 917 
oesophagus, 806 
tone, 268 
Valency, 12 

Van den Bergh’s reaction for bilirubin, 189 
after removal of liver, 825 
m jaundice, 190 
Van Gudden’s commissure, 572 
Vas (ductus) deferens, ligature of, 1108 
Vasoconstrictor fibres, 303 
Vasodilatation, 308 
from acetylcholine, 718 
adenybc acid, 317 
CO» excess, 309 
lack, 309 

heat, 31 7, 327, 361 
histamine, 317 

inhibition of vasomotor centre, 311 
light, 328 
metabolites, 317 
skin injury, 322 
spinal anaesthesia, 361 
spmal section, 303 
stimulation of aortic nerve, 311, 739 
of carotid sinus, 311, 739 
sympathectomy, 360 
vasodilator nerves, 308 
in reactive hyperauma, 329 
Vasodilator fibres, 308 

m chorda tympam, 20 

dorsal nerve roots, 308, 721 
nervi engentes, 1104 

x rves, 308, 710 

\,i iii i ‘ 

aortic nerve and, 311, 739 
carotid sinus and, 311, 739 
chemoreceptors and, 311, 746 
destruction of, 303 
effect of afferent impulses, 312 
of blood supply to brain, 311 
COo, 309 

higher centres, 309 
oxygen lack, 310 
respiratory centre on, 303, 309 
maintenance of steady pressure, 303 
path of fibres from, 1121 
Vegetable diet, alhalremia from, 39S 
Vegetable proteins, 1051 
Vegetables, composition of, 1052 
Veins, afferents from, 272, 735 
nervous control of, 318 
obstruction of, oedema from, 111 
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Veins, pressure in, 318 

effect of respiration on, 319 
in congestive heart failure, 111 
methods of determining, 318 
Velocity of blood flow (circulation time), 
261, 262 

cardiac impulse, 235 
nervous impulse, 492 
pulse wave, 261 

relation to elasticity of arteries, 
262 

Venoms, actions of, 142, 339 
Venous (auricular, Bambridge), reflex, 273 
Venous blood, determination of gas tensions 
in mixed, 279, 367 

Venous occlusion plethysmography, 305 
Venous pulse See Jugular vein 
Venous return, 274 

capillary tone and, 275, 337 
factors controlling, 274 
m exercise, 433 
hremorrliage, 82 
histamine poisoning, 337 
traumatic shock, 341 ct scg 
respiratory movements and, 275, 36S 
Ventral horn cells, asynchronous discharge 
of, 501 

gradation of discharge, 501, 542 
lesions of, 505 
See Roflox action 

Ventricle, branch bundle block and, 285 
coronary occlusion and, 251 
diastasis of, 258 
ejection phase of, 257 
extra-systole of, 270, 288 
failure of, 295 
fibrillation of, 294, 744 
filling of, 258 

ldio-ventricular rhythm, 283 
m aortic regurgitation, 297 
auricular fibrillation, 293 
auricular flutter, 292 
foetus, 331 

heart block, 282 et seq 
mitral disease, 296 
mitral incompetence, 296 
nodal rhythm, 286 
paroxysmal tachycardia, 290 
patent ductus arteriosus, 333 
Stokes Adams’ syndrome, 284 
isometric contraction phase, 256 
relaxation phase, 258 
left axis deviation, 255 
movements of, 264 
pressure changes m, 256 

human right ventricle, 260 
properties of fibres, 233, 235 
rate of conduction in, 235, 246 
relation to 1st heart sound, 265 
to QRST, 248 
right axis deviation, 255 
spread of impulse m, 246 


Ventricle, stimulation in man, 290 

of vagus and, 26S See Electro 
cardiogram Heart 
Ventricular complex, 218 
Vcntnculin, 203 
Ventriculography, 120 
Verdoh'cmoglobin, 187 
Vesiculno sominalcs, 1103, 1104, 1105, 1107 
Vestibular apparatus, 595-602 
anatomy of, 596 
Barany’s test, 601 
centra! connections of, 597 
extirpation of, 600 
labyrinthine reflexes, 591, 593 
modo of action, of, 598 
postural reflexes from, 591 
righting reflexes, 593 
structure of, 596 

Sec Otolith organ Semicircular 
canals 

Vestibule m lungs, 363 
Vibration sense m bone, 561 
Villi, movements of, 865 
Villikinm, 865 
Virilism, adrennl, 968 
Visceral sensibility, 750 cl seq Sec under 
individual organs. 

Visccro motor reflox, 751 
Viscosity of blood, 135, 303 
Visual centre, 576 cl seq 
lesions of, 580 
structure of, 615 
path, 574 

lesions of, 580 
reflexes, 518 
speech centre, 653 
Visual purple, 1022 
Visuo psychic centre, 577 
Vital capacity, 362 
and posture, 362 

pulmonary congestion, 363 
in diseases of thorax, 363 
emphysema, 363, 459 
exophthalmic goitre, 363 
heart failure, 362, 460 
paralysis of diaphragm, 362 
pneumothorax, 363, 371 
relation to dyspnoea, 456 et seq 
Vital stammg, 163 
Vita min- A, 1021 
absorption, 1022 
carotene, 1021 
requirements, 1021 
results of deficiency, 1023 
changes m bones, 1024 
in mucous membranes, 1023 
dark adaptation, 1022 
in man, 1024 
reproduction, 1087 
resistance to infection, 1024 
skin changes, 1024 
xerophthalmia, 1024 
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Vitamin -vl, sources, 1021, 1052-1054, 
1063 

structure, 1020 
Vitamin-1? group, 1020, 1024 
biotin (q v ), 1028 
carbohydrate absorption and, 837 
deficiency, 1029 
and Graves’ disease, 991 
studies in Singapore captivity, 1031 
in rations, 1063 
nicotinamide ( q v ), 1026 
pyridoxme (q v ), 1028 
riboflavin ( q v ), 1027 
synthesis in intestine, 1020 
pantothenic acid, 1028 
thiamine (aneurm) (q v ), 1025 
Vitamin-/?,, 1031 
deficiency, results of, 1031, 1034 
Vitamin-/?;,,, 198, 1020 
and formate metabolism, 884 
Vitamin-G (ascorbic acid), 1038 
and blood formation, 194 
deficiency in man, 1039 
distribution m animal tissues, 1039 
for methaimoglobmsemia, 454 
in rations, 1063 
urme, 1041 
mode of action, 1043 
requirements, 1042 
relation to scurvy, 1039, 1042 
relation to wound healing, 1041 
sources, 1038, 1052-1054 
structure of, 1039 
synthesized in rat, 1020 
Vitamin-1) (anti-rachitic), 1008 
chemistry, 1009 

for parathyroid deficiency, 1006 
mode of action of, 1011 
relation to osteomalacia, 1012 
to rickets, 1011 
teeth, 1013 
requirements, 1010 
sources, 1009, 1052-1054, 1063 
synthesized by ultra violet rays, 1009, 
1011 

toxic effects of, 1012 
Vitamm-D 2 and D a , 1009 
Vitamm-E, 1086 

effect of lack of, muscular dystrophy in 
rat, 1087 

on sexual functions m rat, 1087 
for abortion, 1087 
myopathy, 1087 
Vitamin-//, 151-155 
chemistry, 151 
clinical deficiency, 152 

m haemorrhagic states m infants, 
153 

liver disease, 153 
obstructive jaundice, 152 
ulcerative colitis, 153 
test of liver efficiency, 831 


Vitamins, 1019 

m diet, 151, 1008, 1021, 1038, 1052- 
1054, 1086 
milk, 1095 
rations, 1063 

Volume of blood See Blood, volume of 

Voluntary movement, 646-656 

action potentials in muscles, 648 
antagonists, 649 
apraxia, 652 

associated reactions, 643, 651 
“automatic,” 647 
cerebellum and 610 
co contraction of antagonist, 649 
contraction of antagonist, 650 
corpus striatum and, 658 
disturbance of, 652 
emotional movements, 663 
eye movements, 638, 649 
grading of, 648 
m chorea and athetosis, 660 
dorsal nerve root lesions, 560 
tabes, 562 

thalamic lesions, 567 
motor cortex and, 629 
movements of cooperation, 652 
prefrontal area, 670 
protagonists (prime movers), 648 
pyramidal tracts and, 641, 663 
reciprocal inhibition of antagonists, 
649 

sensory cortex and, 570 
speech ( q v ), 653 
synergists, 651 
Vomiting, 811 
Vomiting centre, 697, 811 

Wallenan degeneration, 497, 615. 
Wassermann reaction in cerebrospinal 
fluid, 131 

Water, and biological oxidation, 840 
body, 4 

deprivation, 54, 66 
drinking, diuresis from, 55 et seq 
pituitrm and, 45 
value after hsemorrhage, 85 
exchanges, 2-21 
hammer pulse, 298 
intake, 4 
intoxication, 58 
loss, 4 

in sweat, 477, 47S 

permeability of cell membrane to, 7 
reabsorption by renal tubules, 32 
retention m renal disease, 75 el scq 
See Blood volume Tissue fluid 
Urine 

Water soluble vitamms, 1019 
Waxes, 861 

Weigert Pal’s stain, 498 
Wernicke’s syndrome, 1036 
Wheal, 324 
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Wliito blood corcusoles, °-l--;23 
ascorbic acid in, 1039, 1042 
adrenalino on, 214, 728 
agranulocytosis, 221 
ba«oplnlB, 214 
duration cflite of, L18 
eosinophils (q t ) 214 
exercise on, 214 
functions of, 21S 
granulocytes, 214 
development of 215 
control of, 220 
in aplastic anannia, 218 
disease, 219 
infants, 215 
inflammation, 222 
loucocytosis, 219 

producing factor, 221 
leucopema, 223 
leucopoiesis, control of, 220 
leucotaxme 222 
lymphocytes, 21 21S 

development of, 218 
lymphocytosis, 219 
monocytes, 214, 219 
development, 219 
mononucleos s, 220 
myeloblasts, 21G 
mje'ocjLc3, 21G 
nccrusin, 223 
neutropluls, 214 


White blood corpuscles, normal count, 214 
varieties of, 214 

White line, capillary co l sanction and, 32 1 
ramus communicans, 707 
Word blindness, G55 
deafness, G55 

Wound healing, ascorbic acid on 1 041 
cortisone on, 9G1 n 1 


Xanthine, 895, 897 
Xanthochromia, 1 10 
Xanthopliy'l, 1022 
Xenopus test for pregnancy, 1090 
Xerophthalmia, 1024 

X-ray method of studying movements of 
alimentary eanal, S05 
gall bladder, S02 


Yeast, 1033, 1037 


Zem, 1051 
Zinc-insulin, 92G 
Zinc protamine insulin, 92G 
Z< na fnsciculata, 944 
glomerulosn, °44 
pcllucida 1060 
reticulans, 944 
Zyunobcxase, 84S 




